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1.  INTRODUCTION 


Breast  cancer  (BC)  is  a  molecularly  heterogeneous  disease,  which  can  he  categorized  into  suhtypes  based 
on  the  tumor  biology/’^  HER2  over-expressing  cancers  (HER2-I-)  for  example,  account  for  25-30%  of 
diagnosed  BCs  and  are  associated  with  early  metastasis  and  poor  survival  prognosis.^  Treatments  for 
HER2-I-  BCs,  such  as  trastuzumab  (Herceptin),"^  directly  target  the  HER2  cell  membrane  receptor.^  Such 
treatments  are  specific  to  HER2-I-  BCs,  with  no  effect  on  other  tumor  subtypes  e.g.  estrogen  receptor 
overexpressing  cancers  (ER-(-,  luminal  A  subtype).  Similarly,  ER-i-  BC  are  treated  with  endocrine  therapies 
targeting  either  ER  directly  e.g.  tamoxifen,®  or  production  of  the  receptor  ligand  (estradiol)  e.g.  aromatase 
inhibitors.^’*  It  is  therefore  crucial  to  molecularly  profile  a  cancer  to  prescribe  the  correct  program  of 
treatment.  Diagnosis  and  subsequent  treatment  of  BC  is  often  based  on  analysis  of  a  single  biopsy  of  a 
primary  tumor,  and  the  surrounding  lymph  nodes.  However,  this  method  is  flawed  in  advanced  stage 
cancers,  as  the  molecular  profile  of  the  cancer  may  differ  at  metastatic  sites  and/or  between  metastases  in 
different  organs.®  Eurthermore,  most  advanced  stage  breast  cancers  that  initially  respond  to  targeted 
therapy,  whether  HER2-I-  or  ER-t,  become  resistant  to  treatment,  generally  in  less  than  12  months,  resulting 
in  disease  progression.'®’"  The  molecular  heterogeneity  of  BC  tumors,  coupled  with  the  diverse 
mechanisms  and  dynamic  nature  of  therapy  resistance,'^ '*  illustrate  that  this  method  of  diagnosis  is 
insufficient  to  predict  a  tumor’s  response  to  treatment.  This  accounts  for  the  mixed  clinical  responses  to 
treatment  observed  in  advanced  stage  BC  patients,  where  some  sites  regress  while  others  see  progression. 
Developing  effective  treatment  strategies  for  BC  requires  the  ability  to  identify  the  molecular  subtypes  of 
each  tumor  site,  and  understand  the  mechanisms  involved  in  the  development  of  therapeutic  resistance. 
However,  obtaining  biopsies  from  each  site  multiple  times  over  the  course  of  treatment  is  not  practical.  We 
proposed  that  near-infrared  emissive  polymersomes  (NIREPs),  a  brightly  emissive  nanostructure,  can  be 
targeted  to  signature  cell  surface  proteins  to  enable  quantitative,  non-invasive  optical  imaging  of 
molecularly  heterogeneous  sites  of  BC  in  vivo.  In  this  DoD  2014-2015  annual  report,  we  provide  an 
update  on  our  progress  to  develop  antibody-conjugated  NIREPs  capable  of  distinguishing  between 
phenotypic  ally  distinct  BC  cells. 


2.  KEYWORDS 

HER2,  breast  cancer,  near  infrared  polymersomes,  antibodies, 

3.  ACCOMPLISHMENTS 

3.1  What  were  the  major  goals  of  the  project? 

Aim  1:  Profile  a  panel  of  molecularly  heterogeneous  human  breast  cancer  cell  lines  using  cocktails  of 
antibody-conjugated  NIREPs  (Years  1-3). 

Aim  1 . 1 :  A  panel  of  human  breast  cancer  cell  lines  representing  several  of  the  molecular  breast  cancer 
subtypes  will  be  profiled  using  a  cocktail  of  Ab-NIREPs  targeting  key  cell  surface  proteins  that  serve  as 
therapeutic  targets  or  predict  for  therapeutic  resistance  to  existing  targeted  therapies  used  in  the  treatment 
of  breast  cancer. 

Aim  1.2:  The  apoptotic  effects  of  HER2 -targeted  therapies  on  HER2-I-  cell  lines  will  be  determined  using  a 
NIREP  conjugated  to  commercially  available  recombinant  annexin  V. 

Aim  1.3:  Use  of  NIREPs  to  determine  the  effects  of  targeted  therapies  on  breast  cancer  cell  surface 
phenotype. 

Aim  1.4:  Generation  of  firefly  luciferase  expressing  cells. 
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Aiin  1.5:  The  level  of  sensitivity  of  Ab-NIREPs  will  be  detemiined  in  limiting  dilution  studies. 


Aiw  2:  To  phenoTwe  pheriotwicalh'  diverse  vrituarx  and  wetastatic  sites  of  breast  cancer  iisine  tareetme 

NIR  emissive  pohmersomes  and  dcterniine  their  response  to  targeted  therapies  ( Year  3). 

The  same  cocktail  of  NIREPs  validated  in  Aim  1  will  be  evaluated  in  vivo,  using  an  immimocompromised 
mouse  featiuing  either/both  a  HER2+  or  HER2-  MDA-MD-23 1  tumor  xenograph. 

3.2  What  was  accomplished  under  these  goals? 


Aim  1  (Year's  1-3V  Profile  a  panel  of  molecularlv  heterogeneous  human  breast  cancer  cell  lines  using 

cocktails  of  antibody-conjugated  NIREPs. 

Therien  Group:  In  our  prior  work,  we  demonstrated  that  NIREPs  featming  smfaces  fimctionalized  with  the 
hmnanized  anti-HER2  monoclonal  antibody  trastuziunab,  were  able  to  disciiminate  between  HER2+  and 
HER2-  cell  lines  in  in  vitro  experiments  (Figme  Id).  The  intent  of  this  project  is  to  extend  these  studies  by 
developing  a  series  of  other  antibody-conjugated  NIREPs,  each  targeting  a  specific  breast  cancer-relevant 
cell  smface  antigen.  Each  unique  NIREP  would  contain  a  porphyrin  oligomer  fluorophore  to  enable 
wavelength-based  detection  of  cell  receptor  type  (Figure  la-c). 


d) 

HCC1S69 


SK-BR-3 


MCf7 


FunctlofTal(20d 
polyrnar«em«  BT474 
surfaea 


Hydrophhic 

s  s  s 


Antibody  eonjugatod 
on  polymofaomo 
Mir^co  for  spoeffle 
tumor  targoting 


Heechst  )3?SI  anU  H6ft2  MREi>«  Combined 


Figure  1.  Schematic  depiction  of  an  antibody-conjugated  NIREP:  a)  Polymersomes  consist  of  a  bilayer  of  ampluphiles  which  self- 
assemble  m  aqueous  conditions.  The  resulting  vesicle  has  the  hydrophilic  head  groups  pointiug  into  the  interior  of  the  vesicle,  and 
towards  bulk  solvent,  witli  the  hydrophobic  chains  sequestered  within  the  membrane:  b)  The  hpophihc  membrane  can  be  loaded 
with  near-IR  fluorophores  (PZnj,r  compounds,  e  g.  PZnj:  =  786  nm;  =  809  nm).  Number  of  porphyrms  N  and  solubilizmg 
groups  R  can  be  varied  to  alter  emission  wavelength;  c)  Antibody-conjugated  NIREPs  enable  tumor  specific  cell  targetmg.  (d) 
Anti-HER2  NIREPs  can  discmnmate  between  HER2+  cells  (HCC1569,  BT474  and  SKBR3  cells)  and  HER2  negative  cells 
(MCF7).  Left  column:  nuclei  stained  with  Hoechst  33258  (A«„  =  461  nm).  Center  column:  PZn3  anti-HER2 -NIREPs  =  809 
nm)  located  on  the  membrane  surfece  and  m  the  cell  cytoplasm.  Right  column:  Overlay  of  the  micrographs  fl'om  the  blue  and  red 
channels 
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Ill  a  separate  DOD  project  (PI;  Anustroug)  it  was  found  that  NIREPs  bearing  antibodies  targeted  to 
EPCAM  saw  batch-to-batch  variability  in  flow  cytomehy  experiments  for  binding  to  EPCAM  over¬ 
expressing  cells.  Investigation  of  new  batches  of  anti-HER2-NIREPs  found  similar  difficulties  in 
reproducibility  (Figure  2).  hi  some  batches,  higli  uptake  of  up  to  85,000  NIREPs  per  HER2+  SKBR3  cell 
w'ere  observ^ed;  in  others,  uptake  levels  matched  that  of  control  NIREPs  conjugated  to  an  isotype-niatched 
IgG  antibody.  Tliis  prompted  us  to  reinvestigate  oin  protocols  in  detail.  Oin  previously  used  bicinchoninic 
assay  (BCA)  used  to  detemiine  the  degree  of  antibody  functionalization  on  the  surface  on  the  NIREP  was 
miable  to  distinguish  between  covalently  bound-antibody  and  smface  associated  antibody.  Therefore,  the 
use  of  this  assay  to  deteniiuie  the  efficiency  of  different  antibody-couphng  chemistries  in  some  cases  may 
have  yielded  inaccurate  data. 


Figure  2.  Flow  sorting  of  HER2+  SKBR3  cells  using  anti-HER2-NIREPs;  detection  using  the  Cy7  channel  (>790  nm  near 
infrared  wavelength),  a)  Batch  1:  Large  uptake  of  anti-HER2-NIREPs  into  SKBR3  cells  gives  a  large  increase  in  fluorescence 
compared  to  unstamed  cells;  b)  Batch  2:  Neghgible  uptake  of  anti-HER2 -NIREPs  into  SKBR3  cells,  with  very  similar  levels  of 
fluorescence  to  cells  mcubated  with  control  IgG-conjugated  NIREPs. 

We  have  tlierefore  invested  time  optimizing  om  couphng  protocols  and  characterization  methods  as 
described  below. 

Antibody  Coniugation  Strategies 

We  have  developed  fluoronitrobenzoic  acid  (FNB)-  based  chemistry  for  the  chemical  conjugation  of 
bioligands  to  the  smface  of  NIREPs.  Tire  FNB  group  can  be  introduced  onto  the  hydroxyl-tenninus  of  a 
polymer  in  a  single,  liigh  yielding  step,'®  and  unlike  maleimide  chemistries,  is  stable  to  hydrolysis  at  mild 
pHs  (Scheme  1). 


Scheme  1.  Functionalization  of  PDB-b-PEO  diblock  copolymer  OB18  with  FNB.  Conjugation  of  a  biohgand  via  a  lysme  residue 
yields  a  chromophoric  orifro-mtroanihne  linker  highhghted  in  yellow, 

FNB  is  reactive  to  primary  ainuies,  which  m  the  case  of  protein-based  ligands,  is  readily  available  via  the 
N-temiinus  or  sruTace  lysine  residues.  The  abimdance  of  these  residues  in  proteins  such  as  antibodies 
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(Abs)  means  prior  chemical  modification  of  Abs  is  unnecessary.  The  Therien  group  has  previously  used 
FNB-based  chemistry  to  successfully  functionalize  NIREPs  with  the  cell -penetrating  Tat  peptide  for 
tracking  dendritic  cells  (DCs)  in  vivo?^  In  this  work,  conjugation  of  Tat  to  the  FNB -functionalized 
polymer  was  carried  out  prior  to  polymersome  formation,  allowing  the  conjugation  to  be  carried  out  in 
organic  solvents;  progress  of  the  reaction  could  be  monitored  by  UV-vis  absorption  as  the  resulting  ortho- 
nitroaniline  chromophore  absorbs  at  428  nm  (Scheme  1).'®  Presence  of  the  peptide  did  not  adversely  affect 
the  resulting  polymersome  morphology. 

We  have  adapted  this  FNB-based  chemistry  for  the  conjugation  of  whole  antibodies  to  the  surface  of 
polymersomes  with  these  considerations:  Conjugation  to  FNB  must  1)  be  carried  out  under  mild,  aqueous 
conditions  in  order  in  order  to  preserve  antibody  functionality;  2)  occur  post-polymersome  formation,  as 
the  large,  hydrophilic  nature  of  antibodies  would  likely  disrupt  the  polymer’s  ability  to  form  stable  vesicle 
structures  due  to  a  vastly  altered  hydrophobic  fraction.^'  It  has  already  been  demonstrated  that 
polymersomes,  once  formed,  are  stable  to  surface  decoration  with  Abs.^^^^"* 


Covalent  modification  of  one  of  the  many  surface  lysine  residues  present  in  Abs  has  the  potential  to  affect 
antigen-recognition  properties,  either  directly  (through  modification  of  residues  in  the  complementarity 
determining  region  (CDR))  or  indirectly  through  allosteric  effects.  Trastuzumab  contains  between  80-95 
lysine  residues  which  potentially  can  act  as  a  chemical  handle  for  direct  attachment  to  FNB-NIREPs.  Thus, 
the  conjugation  of  trastuzumab  with  FNB -terminated  tri(ethylene  glycol)  monomethyl  ether  (FNB -TEG) 
as  a  PEG-  diblock  copolymer  model  was  explored.  Trastuzumab  was  incubated  with  FNB -TEG  at  various 
molar  ratios  (40:1,  20:1,  and  10:1  FNB-TEG  to  antibody)  in  sodium  borate  buffer,  and  the  resulting  Ab- 
TEG  conjugates  were  analyzed  using  a  statistical  MAFDI-MS  method  as  reported  previously  (Figure  3). 


a) 


1X  sodium  borate 
buffer.  pH  8.50 


FNB-TEG 


b) 


Figure  3.  (a)  Synthetic  scheme  for  the  modification  of  trastuzumab  with  FNB-TEG.  (b)  MALDI-MS  of  the 
resuiting  Ab-TEG  conjugates  where  trastuzumab  was  incubated  with  FNB-TEG  in  a  {from  top  to  bottom) 
1 :40,  1 :20,  1 :10  and  1 :0  (biank)  ratio.  Spectra  were  acquired  in  iinear  detection  mode  with  a  sinapinic  acid 
matrix;  peaks  were  caiibrated  to  BSA. 
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Briefly,  by  acquiring  a  mass  spectnmi  of  each  Ab-TEG  preparation  in  replicates  greater  than  3.  it  is 
possible  to  detect  a  minimal  mass  difference  of  119  Da  between  IgG  and  its  coiiesponding  conjugates  to  a 
95%  confidence  level,  even  in  linear'  detection  inode.^^  Tlie  average  nmnber  of  moles  of  the  conjugate 
attached  per  mole  of  IgG  can  be  subsequently  calculated  from  the  difference  in  the  observ'ed  masses  of  Ab- 
TEG  conjugates  and  tire  imconjugated  trastzumab  blank  (0:1  preparation),  divided  by  the  molecular  weiglit 
of  the  FNB-TEG  conjugate.  Tire  results,  surrunarized  in  Table  1,  show'ed  that  'we  are  able  to  reproducibly 
vat7  the  degree  of  trastuziunab  modification  from  1  FNB-TEG  group  (10:1  preparation)  to  -4-5  FNB- 
TEG  groups  (40: 1  preparation). 


FNB-TEG/Ab 

ratio 

Mean  mass  by 
MALDI  /Da " 

Standard 
deviation  /Da 

Mass  difference 
to  native  Ab  /Da 

Number  of  FNB- 
TEG  conjugates 

p  value 

40:1 

148155 

100 

1394 

4^ 

<0.01 

20:1 

147479 

140 

719 

2J 

<0.01 

10:1 

147129 

147 

368 

1.2 

0.02 

0:1' 

146761 

139 

0 

0 

- 

Table  1.  MALDI-MS  results  from  the  coupling  of  FI®-TEG  model  with  trastuzumab.  The  degree  of  trastuzumab  covalent 
modification  could  be  reproducibly  vaned  between  ~1— 4  TEG  groups  per  Ab  by  varymg  the  concentration  of  the  FNB- 
fimctionalized  reagent.  ^  Data  an  average  of  three  analyses.  *  Blank  sample.  Trastuzumab  was  treated  with  sodium  borate  buffer 
under  identical  reaction  conditions. 


Spec  tor  Group  (June 
2014- June  2015):  The 
antigen-recognition 
properties  of  the 
trasUizumab  conjugates 
were  assessed  in  an 
inmimiofluorescent  assay 
using  a  human  breast 
cancer  cell  line  MCFIOA 
following  mduction  of 
HER2  expression  using  a 
doxycycline  regulated 
promoter.  Tire  lentiviral 
doxycycline-inducible 
system  was  originally 
used  to  express  short- 
haupiu  RNA  for  gene 
expression  suppression'® 
but  has  been  modified  by 
the  Spector  group  for 

regulated  expression  of  cloned  cDNAs.  The  results  show^ed  that  shouted  covalently  modified  trastuziunab 
retamed  antigen  recognition  properties  (Figme  4).  Tire  antigen-bmding  activity  w'as  frmher  quantified  by 
MCFIOA  HER2+  extract  nitrocellulose  slot  blot  using  a  fluorescently  labeled  secondai'y  anti-hmnan  IgG 
(Figure  5);  trastuzumab  coupled  to  an  average  of  2  TEG  groups  retained  -65%  of  its  antigen  reactivity, 
which  was  comparable  to  the  blank  sample  incubated  with  conjugation  buffer  imder  the  reaction  conditions 
(~70%).  Tliese  results  show'ed  that  the  reduction  in  antigen  binding  affinity  is  associated  witli  handling  the 
antibody  (e.g.  tenqieratme,  buffer,  pmification  steps)  rather  than  through  modification  of  the  CDR  region. 
Tire  conclusions  fiom  these  experiments  show  that  we  are  able  to  contiol  the  number  of  modications  made 


MCFIOA  Her2 
expression 


□API 


Traz 


Uncoupled  FNB-TEG  coupled 

Figure  4.  No  effect  of  FNB-TEG  coupling  on  trastuzumab  detection  of  HER2 
protein  expression  in  doxycycline-regulated  HEfR2  expression  in  MCFIOA  cells. 
HEFt2  expression  was  induced  by  addition  of  doxycycline  (+);  cells  were  fixed  and 
permeabilized  and  HER2  expression  determined  by  incubation  with  naive 
(uncoupled)  and  FNB-TEG-coupled  trastuzumab,  and  visualized  by  FITC- 
conjugated  anti-human  IgG  and  cell  nuclei  by  DAPI  DNA  staining. 
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on  the  surface  of  trastuzumab,  and  covalent  attachment  of  a  TEG  chain  does  not  occur  in  the  antigen 
binding  region.  It  is  our  expectation  that  we  will  be  able  to  couple  many  copies  of  trastuzumab  onto  the 
surface  of  polymersomes.  This,  coupled  with  the  demonstrated  ability  of  surface -conjugated  bioligands 
such  as  antibodies  to  cluster  on  fluid  membrane  polymersomes  to  maximise  antigen  binding  affinity(ref) 
means  that  the  multi-ligand  effect  of  Ab-conjugated  polymersomes  should  more  than  compensate  for  a 
-30%  drop  in  antigen  binding  affinity. 


a) 


b) 


Traz  I  40:1  |  20:1  |  10:1 


i) 


igG 

HER2- 

HER2+ 


Rx* :  100%  55%  65%  70% 


Linear  Response  of  Trastuzumab  Activity 


o 


1200000 
1000000 
800000 
600000 
400000 
200000 
0 

1  10  100 
Concentration  of  trastuzumab  /ng  mL' 


Figure  5.  Slot  blot  on  nitrocellulose  to  quantify  antIgen-bIndIng 
activity  of  trastuzumab  conjugates  relative  to  the  native  antibody, 
(a)  (1)  Preparations  of  FNB-TEG  to  trastuzumab  ratios  of  40:1 
(average  4.5  TEG/Ab),  20:1  (2.3  TEG/Ab)  and  0:1  (blank)  were 
assayed  for  Initial  Ab  concentration  by  blotting  for  slot  bound  IgG. 
(II)  Identical  solutions  to  i)  assayed  for  reactivity  on  HER2-  and  (III) 
HER2+  extracts.  Reactivity  (R*)  was  corrected  for  Input  IgG  level 
and  percentage  of  antIgen-bIndIng  relative  to  naive  trastuzumab 
(traz)  Is  shown,  (b)  Plot  showing  linear  fluorescence  response 
signal  to  trastuzumab  activity  (R^  =  0.97)  over  the  antibody 
concentration  range  studied.  Trastuzumab  antibodies  were  serially 
diluted  to  the  specified  final  concentrations,  Incubated  on  slot- 
blotted  positive  HER2-H  extracts  (n  =  3)  and  the  amount  of  bound 
Ab  detected  with  fluorescently  labeled  antl-human  IgG.  Blots  were 
scanned  using  an  Odyssey  LIcor  Near-IR  system. 


Synthesis  of  FNB-functionalized  OB  18 
(PEO(3. 9k)-b-PBD(6. 5k) ) 


OB18  (100.0  mg,  9.6  pmol)  was 
dissolved  in  toluene  and  dried  by 
azeotropic  distillation  using  a  Dean 
Stark  trap  to  remove  residual  water.  In  a 
separate  dried  flask,  4-fluoro-3- 
nitrobenzoic  acid  (7.1  mg,  38.4  pmol), 
Af,A’-dicyclohexylcarbodiimide  (8.4  mg, 
40.4  pmol)  and  dimethylaminopyridine 
(0.1  mg,  0.7  pmol)  were  dissolved  in 
dry  dichloromethane,  stirred  at  rt  for  30 
min  then  cannulated  into  the  OB  18 
distillate.  After  stirring  for  2  d  at  rt,  the 
solvent  was  removed  under  reduced 
pressure,  and  the  resulting  residue 
dissolved  in  THE  and  purified  by  size 
exclusion  column  to  obtain  the  title 
compound. 

Synthesis  of  FNB-TEG  XX 


o 


Triethylene  glycol  monomethyl  ether  XX  (292  pE,  1.8  mmol),  4-fluoro-3-nitrobenzoic  acid  (405  mg,  2.2 
mmol),  A,A’-dicyclohexylcarbodiimide  (490  mg,  2.4  mmol)  and  dimethylaminopyridine  (27  mg,  0.21 
mmol)  were  dissolved  in  dry  dichloromethane  (12.0  mL)  and  stirred  at  rt  for  4  h  until  shown  to  be 
complete  by  TEC  (5:100  MeOH/CHCls,  Me -TEG  f?/  0.35;  product  RfQ.iS',  visualized  by  KMn04  stain). 
The  reaction  mixture  was  filtered,  and  the  resulting  filtrate  was  washed  consecutively  with  DI  water,  5% 
AcOH  in  water,  and  water.  The  organic  layer  was  dried  with  MgS04,  concentrated  then  columned  (silica, 
9:1  CHCl3/Et20,  Rf  Q.29)  to  obtain  the  product  as  a  colorless  solid  (548  mg,  91%);  Jh  (400  MHz,  CDCI3), 
8.73  (dd,  IH,  71  =  7.2,  J2  =  2.2  Hz,  Ar-H),  8.33  (ddd,  IH,  7i  =  8.7,  J2  =  4.2,  Jj,  =  2.2,  Ar-H),  7.37  (dd,  IH, 
7i  =  10.2,  J2  =  8.7,  Ar-H),  4.55^.47  (m,  2H,  CH2),  3.87-3.80  (m,  2H,  CH2),  3.74-3.60  (m,  8H,  CH2), 
3.56-3.49  (m,  2H,  CH2),  3.35  (s,  3H,  OCH3);  dn  (400  MHz,  CDCI3)  -110.58  (ddd,  IE,  7i  =  10.4,  J2  =  7.2, 
73  =  4.3);  mtz  (ESI  MS-h)  332.1  ([M-tH]‘^  Ci4Hi9EN07^  requires  331.1). 


Modification  of  antibodies  with  FNB-TEG 
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Trastuzumab  (Genentech)  was  desalted  into  IX  sodium  borate  buffer  (285  mOsm,  pH  8.50)  using  a 
Amicon  Ultra  0.5  ruL  100  kDa  MWCO  Centrifugal  Filter  using  the  manufacturer’s  instructions.  The 
desalted  antibody  was  diluted  to  a  4  mg/mL  concentration  with  buffer,  and  the  concentration  checked  by 
UV-vis  absorption  at  280  nm  {vide  supra).  FNB-TEG,  dissolved  in  buffer,  was  added  to  the  desalted 
antibody  at  molar  ratios  of  40:1,  20:1,  or  10:1.  The  reactions  were  shaken  at  750  rpm  at  37  °C  for  20  h,  and 
then  desalted  into  IX  PBS  (285  mOsm,  pH  7.40)  for  immunofluorescence  studies,  or  MilliQ  water  for 
MALDI  analysis. 


NMR: 


10.5  10.0  9.5  9.0  8.5  8.0  7.5  7.0  6.5  6.0  5.5  5.0  4.5  4.0  3.5  3.0  2.5  2.0  1.5  1.0  0.5  0.0  0.5  -1 

fl  (ppm) 

Figure  6.  ‘H  NMR  (500  MHz,  CDCI3,  298  K)  of  FNB -functionalized  OB18. 

MALDI-MS  analysis  of  trastuzumab-TEG  conjugates 

MALDI-MS  spectra  were  recorded  on  an  AB  Sciex  4800  Plus  MALDI-ToF  instrument  in  linear  detection 
mode  using  a  sinapinic  acid  matrix.  For  each  sample,  3  separate  mass  spectra  were  obtained,  and  the  peak 
maxima  were  averaged,  and  subtracted  from  that  obtained  from  unmodified  trastuzumab.  The  mass 
differences  were  divided  by  the  molecular  weight  of  the  FNB-TEG  conjugate  to  obtain  the  average  degree 
of  substitution  per  antibody. 

Immunofluorescence 

Cells  were  plated  in  complete  media  on  15  mm  round  uncoated  glass  coverslips.  Cells  were  fixed  in  3.7% 
formaldehyde/ IX  phosphate  buffered  saline  (PBS),  and  permeabilized  by  incubation  with  a  solution  of  1% 
NP-40  detergent/PBS.  For  staining  of  cellular  expressed  HER2,  cells  were  incubated  with  400  ng/mF 
rabbit  anti-HER2  antibody  (Santa  Cruz  SC-284)  /  100  pg/mL  bovine  serum  albumin/  0.02%  azide/PBS. 
Protein  was  visualized  with  AlexaFluor  488  goat  anti-rabbit  secondary  antibody  and  imaged  on  Feica 
fluorescence. 
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Slot  blot 


Spector  Group  :  A  protein  solution  of  either  HER2+/—  cellular  extracts  or  trastuzumab  antibody  was  diluted 
in  PBS  and  200-400  pL  was  added  to  a  slot  blot  manifold  applied  under  vacuum  onto  pre -wetted  Protran 
nitrocellulose  membranes.  Membranes  were  dried  and  then  incubated  with  a  5%  non-fat  dry  milk  (5% 
Blotto)  in  PBS  for  1  h  at  room  temperature  to  block  unoccupied  binding  sites  then  incubated  with  either 
anti-human  IgG-800  near-IR  antibody  (Molecular  Probes/Live  Technologies)  or  trastuzumab  followed  by 
anti-human  IgG-800  in  1%  Blotto.  Following  incubation  with  antibody  solutions,  non-specifically  bound 
antibodies  were  removed  by  3  x  15  minute  washes  with  PBS  containing  0.05%  Tween  20.  The  level  of 
secondary  antibody  was  determined  by  scanning  on  a  LI-COR  Odyssey  near-IR  blot  scanner. 

NIREP  construction 


Using  our  newly  validated  functionalized  OB  18  polymer,  we  can  construct  NIREPs  using  our  well- 
established  methodology  (Figure  7). 


OB2 


Figure  7.  Construction  of  antibody-conjugated  NIREPs. 

NIREP  synthesis  was  carried  out  using  the  thin-film  hydration  method  as  previously  described. An 
organic  solution  of  FNB -functionalized  PEO(3600)-b-PBD(6800)  diblock  copolymer  (FNB-OB18),  short- 
chain  PEO(1300)-b-PBD(2500)  (OB2)  and  PZn^  NIRF  at  a  5:95:5  molar  ratio  was  spotted  onto  a 
roughened  Teflon  plate  and  allowed  to  evaporate  to  form  a  uniformly  coated  surface.  After  residual  solvent 
removal  under  high  vacuum  for  >24h,  IX  PBS  buffer  (285  mOsm,  pH  7.40)  is  added  and  the  films 
incubated  at  60  °C  for  24  h,  followed  by  90  minutes  of  sonication  in  a  bath  sonicator.  Nanoscale, 
unilamellar  NIREPs  are  subsequently  obtained  using  procedures  analogous  to  those  used  to  formulate 
liposomes  (sonication,  freeze -thaw  and  extrusion).  Ten  freeze -thaw  cycles  are  carried  out  by  alternatively 
placing  the  samples  in  liquid  N2,  followed  by  a  5  minute  sonication  in  a  water  bath  at  60  °C.  Extrusion 
through  400  nm  polycarbonate  membranes  is  carried  out  at  60°C  using  a  thermobarrel  extruder  under 
moderate  pressures.  NIREP  vesicle  size  and  morphology  is  characterized  by  cryogenic  transmission 
electron  microscopy  (cryo-TEM)  and  dynamic  light  scattering  (DES). 

Assessment  of  non-specific  absorption 
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Non-specific  absorption: 


Covaient  coupiing  pius  non-specific  absorption: 


Figure  8.  Assessing  the  degree  of  antibody  non-specific  absorption  to  the  polymersomal  surface. 


Having  validated  that  the  variation  in  hatches  of  Ah-NIREPs  is  not  due  to  inadvertent  deactivation  of 
trastuzumah  through  covalent  modification  or  conjugation  conditions,  we  sought  to  quantify  the  degree  of 
non-specific  absorption  of  trastuzumah  to  the  polymersome  surface  (Figure  8).  To  assess  this,  we 
incubated  trastuzumah  with 
unfunctionalized  5:95  OB18/OB2 
polymersomes,  under  identical 
coupling  and  purification 
conditions  to  which  we  will  carry 
out  the  Ah  conjugation  to  FNB- 
functionalized  NIREPs. 

Previously,  we  used  the  enhanced 
BCA  assay  to  determine  the 
protein  content  of  our 
polymersome  samples,  which  has 
a  sensitivity  range  of  5-250 
pg/mF  protein.  However,  on  re- 
exploring  our  protocols,  we  have 
determined  that  at  a  polymersome 
concentration  of  5  mg/mF,  the 
lower  detection  limit  of  5  /rg/mF 
protein  corresponds  to  approximately  19  antibodies/polymersome;  we  thus  conclude  that  this  assay  is  too 
insensitive  for  our  needs.  Unfortunately,  we  found  that  the  micro-BCA  assay,  with  an  ideal  detection  range 
of  0.5-200  pg/mF  protein  (corresponding  to  a  lower  detection  range  of  2  Abs/NIREP),  is  incompatible 


200  150  100  40  20  10  5  2.5  1  ^  0.5  0 

Samples;  ^  '  D  E  F 

>  A  •'  '  *  X  V 


[BG6J  /Mg  mL-' 


BGG  standards 
columns  =  replicates  of  3 


Samples 

columns  =  replicates  of  3 


Figure  9.  Micro-BCA  assay.  Rows  1-3:  dilution  series  of  bovine  gamma 
globulin  (BGG)  standards  for  protein  content  calibration.  Rows  4-6: 
Samples  A-C:  polymersomes  incubated  with  trastuzumab;  Samples  D- 
F:  polymersomes  only.  Identical  color  for  Samples  A  through  F  shows 
false  positives  for  polvmersome  only  samples. 
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with  polymersomes  resultiug  in  false  positives  (Figure  9).  The  Spector  Group  developed  a  sensitive 
methodology  for  the  detection  of  antibody  concentration  by  Western  blot  analysis;  Figiue  10  shows  a 
proof-of-principle  experiment  analyzing  unhinctionalized  NIREPs  incubated  with  (Samples  A-B;  1:1 
molar  ratio  trastuzimiab/OB18)  and  without  (Samples  C-D)  tiastuzmnab.  The  fluorescently  labeled  anti- 
human  secondary  IgG  antibody  shows  linear  sensiti\ity  over  a  wide  range  of  trastuzumab  concentrations 
and  is  capable  of  detecting  as  little  as  0.1  ng  Ab. 


Coupling  strategy  to  assess  degree  of  non-specific 
absorption 

Unlimctioualized  5:95  OB18/OB2  NIREPs  were 
desalted  into  IX  sodium  borate  buffer’  (pH  8.50, 

285  tuOsm).  arrd  concentrated  to  ~5  mg/mL 
concentration  by  centrifirgal  filtration  (Anricon 
Ultr’a  4  ruL  100  kDa  MWCO  cenbifiigal  filter). 

The  polymersome  concentration  was  detennined 
by  UV-\is  absorption  of  the  sample  corrected  for 
scattering,  using  previously  determined  extinction 
coefficients.^'  Sunilarly,  trastirzirmab  (Genentech) 
was  desalted  into  IX  sodium  borate,  and 
concentrated  to  a  -lO  mg/uiL  concentration  by 
centrifugal  filtration;  concentration  was 
determined  by  absorption  at  280  mn.  Desalted 
trastuzumab  and  NTREP  were  combined  at  fixed 
molar  ratios  {e.g.  40:1  molar  ratio  of  OB  18  to 
trasuizurnab)  and  agitated  at  750  rpm  for  24  h  at 
37  °C.  The  reaction  rnixtme  was  purified  on  a 
Sephacryl  S-500  colirmn  with  IX  PBS  (1  mL/rniu, 
detection  at  280,  426  and  700  nm).  Pirrified 
NIREP  fractions  were  combined  and  concentrated  to  -5  mg/mL  concentration  by  centrifirgal  filtration. 

Assessing  protein  content  of  NIREPs 

The  amoimt  of  trastuzirmab  boimd/coupled  to  a  NIREP  was  determined  by  Western  blotting.  Samples,  and 
a  dilution  series  of  known  quantities  of  pirre  trastuzrunab  antibody  were  deuatirred  with  laemlli  denaturing 
buffer,  sized  on  deuatrue  PAGE  gel,  and  transfened  to  nitrocellulose  usmg  an  iBIott  transfer  apparatus 
(LifeTechnology).  The  membrane  w'as  blocked  with  5%  Blotto  for  1  h  at  room  temperatrrre  then  incubated 
with  arrti -human  IgG-800  antibody  in  1%  Blotto.  Non-specifically  boitnd  antibodies  were  removed  by  3  x 
15  minirte  washes  with  PBS  contaiuirrg  0.05%  Tween  20  and  the  level  of  trastuzumab  signal  was 
determined  by  scanning  on  a  LI-COR  Odyssey  near-IR  blot  seamier.  A  cahbmtiou  plot  of  the  diluted 
trastuziuuab  was  determined  and  the  amoimt  of  nastuzumab  in  each  NIREP  preparation  was  calculated. 

Final  NIREP  concentration,  determined  by  UV-vis  as  described  above,  was  convened  into  average  munber 
of  particles  per  imit  vohune.  A,  using  the  following  equation:^’ 

SxWxlQ-^ 

^  “  ar  X  -  Df)  X  10-21  X  p  ^ 

Where  W  is  the  polymer  mass  (in  mg/iuL),  is  the  average  outer  diameter  of  the  polymersome  (obtained 
by  DLS),  D,  is  the  diameter  of  the  polymersome  huueu  (calculated  Z3„  -  21,  where  /  is  the  polymersome 
membrane  thickness,  detennined  by  cryo-TEM),^*  and  p  is  the  density  of  OB2  (previously  detennined  as 


TrarlgG(ng)  NIREPArat  Preps 


0.3  1  3  10  30  A  a  C  D  only 


Figure  10.  Quantitation  of  non-specific  binding  of 
trastuzumab  (traz)  IgG  to  polymersomes  by  anti¬ 
human  IgG  Western  blot.  Four  NIREP  samples  were 
mixed  with  trastuzumab  IgG  (A  and  B)  or  sodium 
borate  buffer  (C  and  D)  and  purified  by  GPC  using 
PBS  as  eluent  Different  amounts  of  traz  IgG  (0.3  to  30 
mg),  samples  A-D,  as  well  as  NIREP  only  were  run  on 
denatunng  PAGE  gels  and  the  level  of  IgG  determined 
by  detection  with  FITC  coupled  anti-human  IgG  Abs. 
Fleavy  chain  (HC;  -50  kDa)  and  light  chain  (LC;  ~25 
kDa)  were  detected. 
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1.08  g/cm^).^^  The  concentration  of  trastuzumab  in  the  sample,  Y,  determined  by  Western  blot  analysis,  is 
converted  to  number  of  antibodies,  M\ 


Y  X  10“® 

M  = - 

mw 


xNa 


(2) 


Where  mw  is  the  molecular  weight  of  trastuzumab  (145,531  g/mol)  and  Na  is  Avogadro’s  constant.  The 
number  of  antibodies  per  polymersome  is  thus  calculated  M/N.  Samples  were  measured  in  triplicate. 
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3.3  What  opportunities  for  training  and  professional  development  has  the  project  provided? 
•  Training 

Melanie  O’Sullivan  (Postdoctoral  Research  Associate) 

Training  in  colloidal  synthesis  and  characterization  including  cryogenic  transmission  electron  microscopy; 
biological  techniques;  imaging,  in  vitro  biology. 


•  Professional  development 

Melanie  O’Sullivan  (Postdoctoral  Research  Associate) 
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Attendance  at  conferences  and  seminars  listed  under  major  activities.  In  addition,  attended  a  grant  writing 
workshop  “Writing  a  Convincing  Research  Plan”  at  Duke  University.  Grant  writing  experience.  Dr. 
O’Sullivan  has  had  the  opportunity  to  acquire  very  broad  interdisciplinary  training  (e.g.,  nanoscale  science, 
cancer  biology,  in  vitro  and  in  vivo  imaging,  cellular  biology).  She  has  learned  new  science  and  developed 
important  new  technologies,  built  networks  of  collaborators  and  contacts,  learnt  important  skills  for 
working  in  interdisciplinary  environments,  and  is  thus  better  equipped  for  a  future  career  and  leadership 
role  in  science,  technology,  and  medicine. 

3.4  How  were  the  results  disseminated  to  communities  of  interest? 

One  manuscript  detailing  new  fluorophores  relevant  to  NIREP  fabrication  was  published  (Design  of 
Diethynyl  Porphyrin  Derivatives  with  High  NIR  Fluorescence  Quantum  Yields,  K.  Susumu  and  M.  J. 
Therien,  J.  Porphyrins  Phthalocyanines  2015, 19,  205-218.  DOI:  10. 1142/S  1088424614501 107). 


3.5  What  do  you  plan  to  do  during  the  next  reporting  period  to  accomplish  the  goals? 

Our  next  step  is  to  apply  the  methodology  described  in  Section  3.2  using  FNB -functionalized  NIREPs  to 
generate  anti-HER2 -NIREPs.  The  degree  of  covalently  coupled  antibodies  will  be  determined  by 
subtracting  the  number  of  non-specifically  absorbed  antibodies,  determined  from  the  experiments 
previously  described.  With  anti-HER2  NIREPs  in  hand,  we  will  determine  uptake  into  HER2-  and  HER2-I- 
MCFIOA  cells  (expression  of  HER2  regulated  by  dox,  see  Figure  4),  by  analyzing  fluorescence  intensity 
per  cell  by  ImageStream  flow  cytometry. 

We  will  then  use  our  established  roadmap  for  the  fabrication  of  antibody-conjugated  NIREPs  to  generate 
annexin-V  NIREPs  for  the  analysis  of  apoptosis  in  parental  and  lapatinib -resistant  breast  cancer  cell  lines 
when  treated  with  lapatinib.  Furthermore,  we  will  profile  the  phenotypic  changes  associated  with  lapatinib 
resistance  by  fabricating  CD146-  and  E-cadherin-targeted  NIREPs. 


4.  IMPACT 

4.1  What  was  the  impact  on  the  development  of  the  principal  discipline(s)  of  the  project? 

Breast  cancer  is  not  a  single  disease:  it  can  be  categorized  into  a  series  of  subtypes  dependent  on  which 
faulty  protein  or  proteins  in  the  cell  are  responsible  for  uncontrolled  growth  of  the  tumor.  For  example, 
tumors  that  overproduce  the  HER2  protein  are  called  HER2-I-  tumors;  this  subtype  of  breast  cancer  is 
associated  with  a  higher  likelihood  of  the  disease  spreading,  thus  a  lower  life  expectancy.  Over  the  past  15 
years,  significant  advancements  in  the  treatment  of  breast  cancer  have  been  made  by  recognition  that  not 
all  breast  cancers  are  the  same.  Drugs  such  as  trastuzumab  or  lapatinib  have  been  designed  to  inhibit  a 
specific  faulty  protein;  this  selectivity  reduces  the  number  of  harmful  side  effects,  while  halting  growth  of 
the  tumor.  Despite  these  advances,  in  2010,  there  were  approximately  438,000  deaths  worldwide  due  to 
breast  cancer,  the  vast  majority  of  these  as  a  result  of  the  cancer  spreading.  One  major  issue  is  that  the 
primary  tumor  in  the  breast  may  differ  in  subtype  to  other  tumors  found  elsewhere  in  the  body.  In  addition, 
tumor  cells  that  initially  respond  to  treatment  can  evolve  to  become  resistant  to  the  effects  of  the  drug, 
leading  to  disease  recurrence,  and  this  remains  a  significant  problem  in  the  treatment  of  breast  cancer.  The 
mechanisms  by  which  the  cells  become  resistant  to  these  drugs  are  numerous  and  not  fully  understood;  the 
situation  is  further  complicated  by  the  fact  that  tumors  found  elsewhere  in  the  body  may  evolve  in  different 
ways  in  response  to  treatment.  This  complexity  makes  the  design  of  new  therapy  regimens  that  circumvent 
drug  resistance  currently  difficult.  The  inability  to  biopsy  every  tumor  at  regular  time  intervals  in  a  patient 
with  advanced  breast  cancer  remains  a  significant  impediment  towards  delivering  an  effective  personalized 
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approach  to  the  treatment  of  advanced  stage  hreast  cancer.  This  research  will  develop  the  first  non-invasive 
imaging  method  that  allows  tumors  to  be  characterized  into  subtypes,  without  the  need  for  a  biopsy.  Our 
system  uses  non-toxic,  biodegradable  nanoparticles  (called  “NIREPs”),  which  when  injected,  selectively 
recognize  proteins  on  the  surface  of  cells  that  mark  the  cell  as  cancerous,  and  transmit  information  about 
the  cell  using  non-harmful  frequencies  of  light  that  can  be  detected  from  outside  of  the  body.  We  will 
develop  NIREPs  that  can  distinguish  between  different  breast  cancer  subtypes,  including  which  cancers 
are  likely  to  respond  to  or  be  resistant  to  therapy.  The  non-invasive  nature  of  this  technology  will  allow  us 
to  study  the  evolution  of  therapy  resistance  over  time:  by  understanding  how  tumors  respond  to  therapy, 
more  effective  treatment  regimens  can  be  developed  that  will  delay  or  halt  the  development  of  drug 
resistance,  drastically  improving  patient  survival  and  remission  rates.  Importantly,  we  expect  this 
platform  to  exhibit  sufficient  sensitivity  to  detect  microscopic  sites  of  metastatic  disease  that  are  currently 
undetectable  by  conventional  patient  imaging  methods  such  as  MRI  or  PET.  Approximately  20-30%  of 
women  with  early  stage  breast  cancer  have  such  tumors  in  their  bone  marrow;  such  patients  have  poorer 
prognosis  for  survival.  Early  detection  of  these  sites  and  prompt  intervention  through  an  informed 
treatment  program  would  drastically  improve  patient  survival  and  remission  rates. 

We  expect  that  once  our  methodology  for  the  synthesis  of  antibody-conjugated  NIREPs  is  established,  it 
will  provide  a  roadmap  for  future  research  in  this  area. 

4.2  What  was  the  impact  on  other  disciplines? 

Nothing  to  report. 

4.3  What  was  the  impact  on  technology  transfer? 

Nothing  to  report. 

4.4  What  was  the  impact  on  society  beyond  science  and  technology? 

Dr.  O’Sullivan,  a  young  Ph.D.  scientist,  has  been  exposed  to  research  challenges,  experimental  methods, 
research  investigators,  collaborators,  and  a  research  environment  that  will  strongly  influence  her  future 
career  directions  in  the  field  of  breast  cancer  research. 


5,  CHANGES/PROBLEMS 

5.1  Changes  in  approach  and  reasons  for  change 

Nothing  to  report. 

5.2  Actual  or  anticipated  problems  or  delays  and  actions  or  plans  to  resolve  them 

Nothing  to  report. 

5.3  Changes  that  had  a  significant  impact  on  expenditures 

Nothing  to  report. 
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5.4  Significant  changes  in  use  or  care  of  human  subjects,  vertebrate  animals,  biohazards, 

and/or  select  agents 

Nothing  to  report. 

5.5  Significant  changes  in  use  or  care  of  human  subjects 

Nothing  to  report. 

5.6  Significant  changes  in  use  or  care  of  vertebrate  animals. 

Nothing  to  report. 

5.7  Significant  changes  in  use  of  biohazards  and/or  select  agents 

Nothing  to  report. 

6.  PRODUCTS 

6,1  Publications,  conference  papers,  and  presentations 

•  Journal  publications. 

1)  Design  of  Diethynyl  Porphyrin  Derivatives  with  High  NIR  Fluorescence  Quantum  Yields,  K. 

Susumu  and  M.  J.  Therien,  J.  Porphyrins  Phthalocyanines.  2015,  79,  205-218.  DOI: 

10.1 142/S1088424614501 107;  Published;  Federal  support  acknowledged. 

•  Other  publications,  conference  papers,  and  presentations. 

Presentations 

1)  “Antibody-Targeted  Near-IR  Emissive  Polymersomes  for  the  Non-In vasive  Molecular 
Profiling  of  Tumors”,  given  at  Imaging  in  2020 IX:  Imaging  and  the  Immune  System,  Jackson  Hole, 
Wyoming,  September  2F*,  2014. 

2)  “Nanoscale  Agents  for  Optical  Imaging”,  given  at  the  Department  of  Chemistry,  St. 
Michael’s  College,  Colchester,  Vermont,  October  2014. 

3)  "Tumor  Delivery  of  Polymersome -Encapsulated  Myoglobin  Results  in  Rapid  Intratumoral 
Hemorrhaging",  given  at  the  12th  International  Nanomedicine  &  Drug  Delivery  Symposium, 
University  of  North  Carolina  at  Chapel  Hill,  Chapel  Hill,  North  Carolina,  October  6*,  2014. 

4)  “Antibody-Targeted  Near-IR  Emissive  Polymersomes  for  the  Non-In  vasive  Molecular 
Profiling  of  Tumors”,  given  at  the  Duke  Cancer  Institute  2nd  Annual  Scientific  Retreat,  Duke 
University,  Durham,  North  Carolina,  November  14*,  2014. 

5)  “Tumor  Delivery  of  Polymersome -Encapsulated  Myoglobin  Results  in  Rapid  Intratumoral 
Hemorrhaging”,  given  at  the  Duke  Cancer  Institute  2"“^  Annual  Scientific  Retreat,  Duke  University, 
Durham,  North  Carolina,  November  14*  2014. 

6)  “Nanoscale  Agents  for  Optical  Imaging”,  given  at  the  Department  of  Chemistry, 
University  of  Kentucky,  Lexington,  Kentucky,  January  23’^^',  2015. 
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7)  “Antibody-Targeted  Near-IR  Emissive  Polymersomes  for  the  Non -Invasive  Molecular 
Profiling  of  Tumors”,  given  at  Cancer  Nanotechnology:  Nanomedicines  from  Laboratory  to  Clinical 
Reality,  West  Dover,  Vermont,  June  29*,  2015. 

6.2  Website(s)  or  other  Internet  site(s) 

Nothing  to  report. 

6.3  Technologies  or  techniques 

Nothing  to  report. 

6.4  Inventions,  patent  applications,  and/or  licenses 

Nothing  to  report. 

6.5  Other  Products 

Nothing  to  report. 

7.  PARTICIPANTS  &  OTHER  COLLABORATING  ORGANIZATIONS 
7.1  What  individuals  have  worked  on  the  project? 


Name: 

MichaelJ.  Therien 

Project  Role: 

PD/PI 

Researcher  Identifier  (e.g.  ORCID  ID): 

0000-0003-4876-0036 

Nearest  person  month  worked: 

1  Summer  Month 

Contribution  to  Project: 

Professor  Therien  is  responsible  for  the  overall 
administration  and  direction  of  the  project.  He  plans 
experiments,  interprets  data,  and  writes  papers  and 
reports.  Ongoing  effort  is  devoted  through  research 
meetings,  discussions,  and  collaborative  research 
activities  with  Partnering  PI  Spector,  and  other  project 
researchers 

Funding  Support: 

Duke  funds,  NIH,  DOE,  DOD/Army,  Homeland  Security, 
USAMRAA,  NSF,  and  Coulter  Foundation 

Name: 

Melanie  C.  O’Sullivan 

Project  Role: 

Research  Associate 

Researcher  Identifier  (e.g.  ORCID  ID): 

0000-0001-8689-1059 

Nearest  person  month  worked: 

1  Calendar  Month 

Contribution  to  Project: 

Dr.  0  ’Sullivan  is  responsible  for  all  aspects  of 
polymersome  assembly,  functionalization,  and  targeting. 
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These  responsibilities  include,  for  example:  diblock 
copolymer  and  fluorophore  synthesis,  purification  of 
diblock  copolymers  functionalized  with  PEO-terminated 
reactive  groups  appropriate  for  antibody  coupling 
reactions,  assembly  of  polymersomes  having  diameters  < 
100  nm  that  are  derived  from  these  materials,  and  the 
fabrication  and  characterization  of  nanoscale  near 
infrared  (NIR)  emissive  polymersomes  (NIREPs)  that  have 
reactive  and  targeted  surface  functionality. 

Funding  Support: 

Duke  funds,  DOD/Army  and  USARMAA 

Name: 

Joshua  Stecher 

Project  Role: 

Postdoctoral  Associate 

Researcher  Identifier  (e.g.  ORCID  ID): 

0000-0001-9937-3509 

Nearest  person  month  worked: 

2  Calendar  months 

Contribution  to  Project: 

Dr.  Stecher  is  responsible  for  synthesis  of  nanoscale 
agents  for  in  vivo  imaging,  and  the  spectroscopic  and 
physical  characterization  of  these  compositions. 

Funding  Support: 

Duke  funds.  Homeland  Security,  USARMAA,  and  Coulter 

7.2  Has  there  been  a  change  in  the  active  other  support  of  the  PD/PI(s)  or  senior/key 
personnel  since  the  last  reporting  period? 

There  are  some  changes  for  PFs  active  supports  since  last  reporting  period.  Please  see  updated  other 
support  in  the  Appendices  with  changes  highlighted. 

7.3  What  other  organizations  were  involved  as  partners? 

Nothing  to  report. 


8,  SPECIAL  REPORTING  REQUIREMENTS 

COLLABORATIVE  AWARDS:  The  Partnering  PI,  Dr.  Neil  Spector  will  submit  his  report. 


9,  APPENDICES 

•  Publication 

•  PFs  biosketch 

•  PFs  updated  other  support 
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ABSTRACT:  A  design  strategy  for  (porphinato)zinc-based  fluorophores  that  possess  large  near  infrared 
fluorescence  quantum  yields  is  described.  These  fluorophores  are  based  on  a  (5,15-diethynylporphinato) 
zinc(n)  framework  and  feature  symmetric  donor  or  acceptor  units  appended  at  the  mcio-ethynyl  positions 
via  benzo[c][l,2,5]thiadiazole  moieties.  These  (5,15-bis(benzo[c][r,2',5']thiadiazol-4'-ylethynyl)-10,20- 
bis[2',6'-bis(3",3"-dimethyl- 1  "-butyloxy)phenyl]porphinato)zinc(n)  (4),  (5, 15-bis[4'-(AJV-dihexylamino) 
benzo[c][r,2',5']thiadiazol-7'-ylethynyl]-10,20-bis[2',6'-bis(3",3"-dimethyl-l"-butyloxy)phenyl] 
porphinato)zinc(II)  (5),  (5. 1 5-bis([7'-(4"-n-dodecyloxyphenylethynyl)benzo[c]  [  1  ',2',5']thiadiazol-4'-yl] 
ethynyl)-10,20-bis[2',6'-bis(3",3"-dimethyl-l"-butyloxy)phenyl]porphinato)zinc(n)  (6),  (5,15-bis([7'- 
([7"-(4"'-n-dodecyloxyphenyl)benzo[c][r',2",5"]thiadiazol-4"-yl]ethynyl)benzo[c][l',2',5']thiadiazol- 
4'-yl]ethynyl)-10,20-bis[2',6'-bis(3".3"-dimethyl-l"-butyloxy)phenyl]porphinato)zinc(II)  (7),  5,15-bis 
([7'-(4"-Af.A-dihexylaminophenylethynyl)benzo[c][l',2'.5']thiadiazol-4'-yl]ethynyl)-10,20- 
bis[2',6'-bis(3".3"-dimethyl-  r'-butyloxy)phenyl]porphinato)zinc(n)  (8).  and  (5, 15-bis([7'-(4"-A^.iV- 
dihexylaminophenylethenyl  )benzo[c]  [  1  ',2',5']  thiadiazol-4'-yl  Jethynyl)- 1 0,20-bis[2',6'-bis(3",3"- 
dimethyl-l"-butyloxy)phenyl]porphinato)zinc(n)  (9)  chromophores  possess  red-shifted  absorption 
and  emission  bands  that  range  between  650  and  750  nm  that  bear  distinct  similarities  to  those  of  the 
chlorophylls  and  structurally  related  molecules.  Interestingly,  the  measured  radiative  decay  rate  constants 
for  these  emitters  track  with  the  integrated  oscillator  strengths  of  their  respective  x-polarized  Q-band 
absorptions,  and  thus  define  an  unusual  family  of  high  quantum  yield  near  infrared  fluorophores  in  which 
emission  intensity  is  governed  by  a  simple  Strickler-Berg  dependence. 

KEYWORDS:  diethynylporphyrin.  benzo[c][l,2,5]thiadiazole,  near  infrared,  fluorescence  quantum 
yield,  Strickler-Berg. 


INTRODUCTION 

The  design  and  synthesis  of  near  infrared  (NIR) 
absorption  materials  that  possess  large  absorptive 
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oscillator  strengths  and  high  fluorescence  quantum 
yields  are  important  to  molecular  imaging  [1-5]  and 
solar  energy  conversion  technologies  [6-10].  Likewise, 
the  efficient  utilization  of  NIR  sunlight  is  a  key  feature 
of  natural  photosynthesis,  which  exploits  NIR -absorbing 
dyes  such  as  chlorophylls  and  pheophytins  [11].  Relative 
to  the  tremendous  attention  that  has  been  paid  to  the 
design  and  synthesis  of  low  band  gap  chromophores 
and  materials  [12-19],  much  less  focus  has  been  given 
to  the  development  of  strategies  that  channel  enhanced 
oscillator  strength  into  the  low  energy  optical  transitions 
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of  such  compositions.  For  example,  only  a  limited  number 
of  conjugated  organic  structures  possess  both  high 
oscillator  strength  NIR  (Sq— >S,)  absorptions  and  corres¬ 
ponding  high  (S,— »So)  fluorescence  quantum  yields  [20, 
21],  In  general,  a  higher  Sq-^S,  absorptive  extinction 
coefficient  should  correlate  with  a  larger  Si— >So 
radiative  rate  constant,  congruent  with  the  Strickler- 
Berg  relationship  [22];  most  strongly  absorbing  organic 
NIR  dyes,  however,  are  not  impressive  emitters,  due  in 
many  cases  to  large  magnitude  S,  state  non-radiative  rate 
constants  that  are  readily  rationalized  within  the  context 
of  the  energy  gap  law  [23], 

Porphyrins  are  tetrapyrrole  7i-conJugated  systems, 
and  the  lowest  energy  absorption  bands  of  simple 
tetraphenylporphyrin  or  octaethylporphyrin  monomers 
range  typically  over  the  600  to  650  mn  spectral  regime 
and  feature  modest  absorptive  extinction  coefficients 
(e  <  10‘*M''.cm'‘).  Modification  of  the  porphyrin  7C-skeleton 
can  further  reduce  the  HOMO-LUMO  gap;  the  electronic 
structures  of  such  reduced  band  gap  porphyrins  can  in 
general  be  rationalized  using  Gouterman’s  four  orbital 
model  [24].  In  a  simple  (porphinatojmetal  complex  having 
D4,,  symmetry,  the  LUMO  is  doubly  degenerate,  and  the 
HOMO  and  HOMO-1  are  nearly  degenerate  in  energy; 
as  a  result,  substantial  configuration  interaction  mixes 
the  (a^— »e,)  and  (aju— >eg)  transitions.  Constructive  and 
destructive  combinations  of  these  one-electron  transitions 
give  rise  to  an  intense  shorter-wavelength  Soret  band  and 
a  weakly  absorbing  longer-wavelength  Q-band.  While 
removal  of  frontier  orbital  (HOMO/HOMO- 1,  LUMO/ 
LUMO+ 1)  degeneracy  is  expected  to  result  in  augmentation 
of  the  Q-band  absorptive  extinction  coefficient,  relatively 
few  examples  exist  of  low  band  gap  porphyrin  derivatives 
that  possess  intense  NIR  Q-bands  [25-29]. 

In  contrast,  the  chlorophylls,  natural  porphyrin 
derivatives. possess  lowest  energy  Q-bands  with  significant 
extinction  coefficients  (e:  0.5  -  1  x  10*  M'‘.cm'')  [30.  31]; 
some  chlorophyll  derivatives  and  related  macrocycles 
feature  substantial  fluorescence  quantum  yields  that  range 
from  -0.05  to  0.3  [32,  33].  While  significant  strides  have 
been  made  in  recent  years  regarding  chlorophyll  synthesis 
[33-35],  the  more  involved  nature  of  their  fabrication 
limits  many  possible  applications  of  these  stmctures. 
Chromophores  within  the  phthalocyanine  family  also 
exhibit  intense  low  energy  electronic  absorption  bands 
(e:  1  -  2  X  10*  M  '.cm  ‘);  while  a  few  examples  of  these 
chromophores  are  known  that  feature  both  substantial 
NIR  absorptivity  and  significant  fluorescence  quantum 
yield  (0.1  -  0.8)  [36,  37],  it  is  important  to  point  out 
that  extensive  modulation  of  phthalocyanine  absorptive 
properties  and  photophysics  is  limited  by  the  modest 
frontier  orbital  electron  density  localized  at  the  periphery 
of  the  macrocycle- fused  benzene  rings  [38]. 

We  have  explored  synthesis  and  electronic  properties  of 
meio-ethynyl  porphyrin  derivatives  [39-62]  for  nonlinear 
optics  [60,  63-81],  optoelectronic  devices  [82-87],  and 
fluorescence-based  optical  imaging  technologies  [88-97]. 


Ethyne  groups  fused  to  the  porphyrin  rweio-positions 
provide  significant  electronic  interaction  with  the 
macrocycle  aj^-derived  HOMO  and  remove  the  degeneracy 
of  the  low-lying  empty  e,  orbitals  [39, 42, 45, 50, 55].  Here 
we  report  the  synthesis  and  optical  properties  of  conjugated 
5,15-diethynyl(porphinato)zinc(n)  complexes  that  feature 
conjugated  terminal  groups  having  varying  degrees  of 
proquinoidal  character  (Fig.  1 )  that  drive  intense  Q-band 
absorptions;  the  uncommon  emissive  properties  of  these 
new  fluorophores  based  on  a  (5,15-diethynylporphinato) 
zinc(n)  framework  are  discussed  within  the  context  of  the 
Strickler-Berg  relationship. 

EXPERIMENTAL 

Materials 

All  manipulations  were  carried  out  under  nitrogen 
previously  passed  through  an  Oj  scmbbing  tower 
(Schweitzerhall  R3-11  catalyst)  and  a  drying  tower 
(Linde  3-A  molecular  sieves)  unless  otherwise  stated. 
Air  sensitive  solids  were  handled  in  a  Braun  150-M 
glove  box.  Standard  Schlenk  techniques  were  employed 
to  manipulate  air-sensitive  solutions.  Tetrahydrofuran 
(THF)  was  distilled  from  K/4-benzoylbiphenyl  under  N2. 
Tiiethylamine  and  MeOH  were  distilled  from  CaH2  under 
N2.  The  catalysts  Pd(PPh3)4,  Pd(PPh3)2Cl2,  dichloro[l,l'- 
bis(diphenylphosphino)ferrocene]palladium(n)  dichlo- 
romethane  adduct,  P(r-Bu)3  (10  wt%  solution  in  hexanes), 
tris(dibenzylideneacetone)dipalladium(0)  (Pdjdbaj), 
Cul  and  triphenylarsine  (AsPhj)  were  purchased  from 
Strem  Chemicals  and  used  as  received.  4-Bromobenzo[c] 
[l,2,5]thiadiazole,  and  4,7-dibromobenzo[c][l ,2,5] 
thiadiazole  were  prepared  by  literature  methods  [98]. 
(5 , 1 5-B  is[trimethylsil  ylethynyl]- 1 0.20-bis[3'.5'-bis(9"- 
methoxy-r',4".7"-trioxanonyl)phenyl]porphinato) 
zinc(n)  (1),  (5,15-dibromo-10,20-bis[2',6'-bis(3",3"- 

dimethyl-l"-butyloxy)phenyl]porphinato)zinc(n).  (5,15- 
diethynyl-  10,20-bis[2',6'-bis(3",3"-dimethyl-l"- 
butyloxy)phenyl]porphinato)zinc(^).  and  (5,15-bis(4'- 
(AJV-dimethylamino)phenylethynyl)-10,20-bis[2',6'- 
bis(3",3"-dimethyl-l"-butyloxy)phenyl]porphinato) 
zinc(n)  (2)  were  synthesized  as  described  previously  [50, 
54,  66].  A  number  of  key  precursors  were  synthesized 
as  reported  earlier  [99].  All  NMR  solvents,  and  all  other 
chemicals,  were  used  as  received. 

Chemical  shifts  for  ‘H  NMR  spectra  are  relative  to 
the  tetramethylsilane  (TMS)  signal  in  deuterated  solvent 
(TMS,  6  =  0.00  ppm).  All  J  values  are  reported  in  Hertz. 
Flash  and  size  exclusion  column  chromatography  were 
performed  on  the  bench  top,  using  respectively  silica 
gel  (EM  Science,  230—400  mesh)  and  Bio-Rad  Bio- 
Beads  SX-1  as  media.  Cl  mass  spectra  were  acquired 
at  the  Mass  Spectrometry  Center  at  the  University 
of  Pennsylvania.  MALDI-TOF  mass  spectroscopic 
data  were  obtained  with  a  Voyager-DE  RP  instrument 
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Fig.  1.  Structures  of  the  TMS-protected  (5.15-dietiiynyl-I0,20-bis[3'.5'-bis(9"-methoxy-l",4",7"-trioxanonyl)phenyllporphinato) 
zinctll)  reference  monomer  ( 1 ).  and  NIR  fluorophores  2-9 


(PerSeptive  Biosystems);  samples  for  these  experiments 
were  prepared  as  micromolar  solutions  in  either  CH2CI2 
or  THF,  and  dithranol  (Sigma-Aldrich)  was  utilized  as 
the  matrix. 


Instrumentation 


'H  NMR  spectra  were  recorded  on  either  250  MHz 
AC-250,  300  MHz  DMX-300.  or  500  MHz  AMX- 
500  Broker  spectrometers.  Electronic  absorption 
spectra  were  recorded  on  a  Shimadzu  PharmaSpec 
UV1700  spectrophotometer.  Fluorescence  spectra  were 
obtained  with  a  Spex  Fluorolog-3  spectrophotometer 
(Jobin  Yvon  Inc.,  Edison.  NJ)  that  utilized  a  T-channel 
configuration  witli  red  sensitive  R2658  Hamamatsu 
PMT  and  liquid  nitrogen  cooled  InGaAs  detectors.  The 
obtained  fluorescence  spectra  were  corrected  using  the 
spectral  output  of  a  calibrated  light  source  supplied  by 
the  National  Bureau  of  Standards.  Fluorescence  quantum 
yields  were  measured  on  Nj-purged  solutions  at  room 
temperature.  Tetraphenylporphyrin  in  benzene  = 
0.13)  was  used  as  a  standard  [100].  The  fluorescence 
quantum  yields  of  each  sample  were  calculated  using  the 
following  equation  (Equation  1 ) 


<5 


n±_ 

m 


F.A-n] 

FA.K 


(1) 


where  <I>2  is  the  fluorescence  quantum  yield.  F  is  the 
area  under  the  corrected  fluorescence  band  (expressed 


in  number  of  photons),  .4  is  the  absorbance  at  the 
excitation  wavelength,  and  n  is  the  refractive  index  of  lire 
solvents  used.  SubsciipLs  s  and  r  refer  to  the  sample  and 
reference,  respectively.  Time-correlated  single-photon 
counting  (TCSPC)  experiments  to  measure  fluorescence 
lifetimes  were  performed  using  an  Edinburgh  Analytical 
Instmments  FL/FS  900  spectrofluorimeter.  The  excit¬ 
ation  sources  for  TCSPC  measurements  were  either  a 
nanosecond  flash  lamp  operating  under  an  atmosphere 
of  H;  gas  (0.50-0i)5  bar,  0.7  nm  fwhm.  40  kHz 
repetition  rate)  or  a  blue  (450  ±  15  nm)  light-emitting 
diode  (Picoquant  PLS  450/PDL  800-B)  triggered  at  a 
frequency  of  100  kHz  by  a  Berkeley  Nucleonics  555 
pulse  generator.  TCSPC  data  were  analyzed  by  iterative 
convolution  of  the  fluorescence  decay  profile  with  the 
instrument  response  function  using  software  provided  by 
Edinburgh  Instruments. 

Sjiithesis 

(5,15-Bis[4'-(4''-.'V,/V-diliexyl:imin«phenyletli>iiyl) 
plienyletliynyl]-10,20-bis[2',6'-bis(3'',3'’-diniethyl- 
l''-butylo\y)pheDyl]purpiiiiial(>)zinc(II)  (3).  l-(4'-Af. 
N-dihexylaminophenylethynyl  )-4-iodobenzene  [99] 
(55.5mg.  1.14X  10^mol),(5.15-diethynyl-10.20-bis[2'.6'- 
bis(3",3"-dimethyl-r'-butyloxy)phenyl]porphinalo) 
zinc(II)  (50.4  mg,  5.17  x  10  ’  mol).  PdtPPhj)^  ( 13.2  mg. 
1 . 1 4  X 1 0  ’  mol),  Cul  ( 1 .0  mg,  5 .3  X  1  tf ®  mol)  and  dry  THF 
(7.0  mL)  were  added  to  a  100-mL  round-bottom  flask.  Ar 
was  bubbled  into  the  reaction  mixture  for  5  min  before 
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piperidine  (0.50  mL)  was  added.  The  reaction  mixture  was 
stirred  at  45  °C  for  3.5  h  under  Ar.  After  the  solvent  was 
evaporated,  the  residue  was  chromatographed  on  silica 
gel  with  8:1  hexanes:THF  as  the  eluent.  Yield  0.063  g 
(72%  based  on  50.4  mg  of  (5,15-diethynyl-10.20- 
bis[2',6'-bis(3",3"-dimethyl-l"-butyloxy)phenyl] 
porphinato)zinc(n)).  ‘H  NMR  (300  MHz;  CDCI3):  6, 
ppm  9.67  (d,  4H.  y = 4.6  Hz,  p-H).  8.86  (d.  4H,  7  =  4.6  Hz, 
p-H),  7.96  (d.  4H,  J  =  8.4  Hz.  Ph-H),  7.72  (t,  2H.  J  = 
8.4  Hz,  Ph-H),  7.65  (d,  4H,  J  =  8.4  Hz,  Ph-H),  7.43  (d, 
4H.  J  =  8.8  Hz.  Ph-H).  7.02  (d,  4H.  J  =  8.5  Hz,  Ph-H), 
6.61  (d,  2H,  J=  9.0  Hz.  Ph-H),  3.92  (t.  8H,  J=  7.3  Hz, 
-O-CHj-C),  3.30  (t,  8H,  J  =  7.6  Hz,  -N-CH,-C),  1 .60 
(m.  8H.  -N-C-CHj-C),  1.2- 1.4  (m.  24H.  -CHj-),  0.92 
(t.  8H.  y  =  6.8  Hz.  O-C-CH2-).  0.89  (t,  12H.  7  =  7.3  Hz. 
-CH3).  0.27  (s,  36H,  -C-CHj).  MS  (MALDI-TOF):  m/z 
1690.92  (calcd.  for  [M]+  1690.976). 

4-(Triniethylsilylethyiiyl)benzo[c][l,2,5]thia- 
diazole.  4-Bromobenzo[c][l,2,5]thiadiazole  (0.378  g, 
1.76X  10-^  mol), Pd(PPli3)4 (0.125 g,  1.08x  ia‘'mol),CuI 
(14  mg,  7.4  X  lO'-'  mol)  and  dry  THF (20  mL)  were  added 
to  a  100-mL  round-bottom  flask.  Ar  was  bubbled  into 
the  reaction  mixture  for  5  min  before  diisopropylamine 
(1.0  mL)  and  (trimethylsilyl)acetylene  (LOO  mL,  7.1  x 
10'^  mol)  were  added.  The  reaction  mixture  was  stirred 
at  45  °C  for  1 1  h  under  Ar.  After  cooling,  the  solvent  was 
evaporated.  The  residue  was  chromatographed  on  silica 
gel  column  with  1 : 1  hexanestCHCh  as  the  eluent.  Yield 
0.406  g  (99%  based  on  0.378  g  of  4-bromobenzo[c] 
[1.2,5]thiadiazole).  'H  NMR  (300  MHz;  CDCI3):  8,  ppm 
7.99  (dd,  IH.  y  =  1.0,  8.8  Hz,  Ph-H).  7.77  (dd,  IH,  7  = 
1.0,  7.0  Hz,  Ph-H),  7.55  (dd,  IH.  7  =  7.0,  8.8  Hz,  Ph-H), 
0.34  (s,  9H,  -Si-CHj).  MS  (Cl):  m/z  232.048  (calcd.  for 
[M]^  232.049). 

4-Ethynylbenzo[c][I,2,5]thiadiazole.  4-(Trimethyl- 
silylethynyl)benzo[c][l,2,5]thiadiazole  (0.100  g,  4.30  x 
10^  mol),  K3CO3  (78.6  mg,  5.7  x  lO""  mol),  THF  (3.0  mL), 
and  MeOH  (2.0  mL)  were  added  to  a  100-mL  round- 
bottom  flask.  The  reaction  mixture  was  stirred  at  room 
temperature  for  1 .5  h  under  Ar.  The  reaction  mixture  was 
filtered  and  the  solvent  was  evaporated.  Yield  quanti¬ 
tative.  'H  NMR  (300  MHz;  CDCI3):  5.  ppm  8.04  (d,  1 H, 
7  =  8.8  Hz.  Ph-H),  7.81  (d.  IH.  7  =  6.9  Hz.  Ph-H),  7.58 
(t.  IH.  7=  8.0  Hz.  Ph-H).  3.59  (s,  IH.  ethynyl-H).  MS 
(Cl):  m/z  160.009  (calcd.  for  [M]+  160.010). 

(5,15-Bis(benzo[c][l,2,5]thiadiazol-4-ylethynyl)- 

10,20-bis[2',6'-bis(3'',3''-diinethyl-r-butyloxy) 
phenyl]-porphinato)zinc(II)  (4).  4-Ethynylbenzo[c] 
[l,2,5*]thiadiazole  (40.0  mg,  2.50  x  lO""  mol),  (5,15- 
dibromo-10,20-bis[2',6'-bis(3",3"-dimethyl-l"- 
butyloxy)phenyl]porphinato)zinc(II)  (71.0  mg,  2.50  x 
10^  mol),  Pd(PPh3)4  (22.6  mg,  2.0  x  10'^  mol).  Cul 
(2.0  mg.  1 . 1  X  10'^  mol)  and  dry  THF  ( 10  mL)  were  added 
to  a  100-mL  round-bottom  flask.  Ar  was  bubbled  into  the 
reaction  mixture  for  5  min  before  piperidine  (0.50  mL)  was 
added.  The  reaction  mixture  was  stirred  at  48  °C  for  24  h 
under  Ar.  After  cooling,  the  solvent  was  evaporated.  The 


residue  was  chromatographed  on  silica  gel  column  with 
5:1  hexanes:THF  as  the  eluent.  The  product  was  further 
purified  by  size  exclusion  column  chromatography  (Bio 
Rad  Bio-Beads  SX-1  packed  in  THF,  gravity  flow).  Yield 
40.7  mg  (50%  based  on  7 1 .0  mg  of  (5,15-dibromo-10,20- 
bis[2',6'-bis(3",3"-dimethyl-T'-butyloxy)phenyl]porphi- 
nato)zinc(n)).  'H  NMR  (300  MHz;  CDCI3):  8,  ppm 

9.91  (d,  4H,  7  =  4.5  Hz,  p-H),  8.87  (d,  4H,  7  =  4.5  Hz, 
p-H),  8.18  (d,  2H,  7  =  7.0  Hz,  Ph-H),  8.07  (d,  2H,  7  = 
8.8  Hz,  Ph-H),  7.76  (dd,  2H.  7  =  7.0,  8.8  Hz.  Ph-H), 
7.72  (t,  2H.  7=  8.4  Hz,  Ph-H),  7.03  (d,  4H.  7  =  8.4  Hz, 
Ph-H),  3.92  (t,  8H,  7  =  7.6  Hz,  -O-CH.-C),  0.83  (t,  8H. 
7  =  7.5  Hz,  -O-C-CH2-C),  0.37  (s,  36H,  -C-CHj).  MS 
(MALDI-TOF):  m/z  1240.7  (calcd.  for  [M]+  1240.441). 

(5,15-Bis[4'-(A„V-dihexylamino)beiizo[c][l'.r,5'] 
thiadiazole-7'-ylethynyl]-10,20-bis[2',6'-bis(3'',3"'- 
diiiiethyl-l''-biityloxy)phenyl]porphinato)zinc(II)  (5). 
4-Bromo-7-(/V  JV-dihexylamino)benzo[c][  1,2,5  ]thiadia- 
zole  [99]  (53.8  mg.  1.35  x  KT*  mol).  (5,15-diethynyl- 

1 0.20- bis[2',6'-bis(3",3"-dimethyl- T'-butyloxy)phenyl] 
porphinato)zinc(II)  (41.0  mg,  4.2  x  10  ’  mol),  Pd(PPh3)4 
(12.8mg,  1.1  X  10"’ mol),  Cul  (1.1  mg,5.8x  10'®mol)and 
dry  THF  (5.0  mL)  were  added  to  a  100-mL  round-bottom 
flask.  Ar  was  bubbled  into  the  reaction  mixture  for  5  min 
before  piperidine  (0.20  mL)  was  added.  The  reaction 
mixture  was  stirred  at  45  °C  for  24  h  under  Ar.  After  the 
solvent  was  evaporated,  the  residue  was  chromatographed 
on  silica  gel  with  8:1  hexanes:  THF  as  the  eluent.  Yield 
22.0  mg  (33%  based  on  41.0  mg  of  (5,15-diethynyl- 

10.20- bis[2',6'-bis(3".3"-dimethyl-r'-butyloxy) 
phenyl]porphinato)zinc(n)).  'H  NMR  (300  MHz; 
CDCI3);  8,  ppm  9.94  (d,  4H,  7  =  4.6  Hz,  p-H),  8.86  (d, 
4H.  7  =  4.6  Hz.  P-H),  8.07  (d,  2H,  7=  8.2  Hz,  Ph-H),  7.70 
(t,  2H,  7=  8.4  Hz,  Ph-H),  7.00  (d,  4H,  7=  8.5  Hz,  Ph-H). 
6.59  (d,  2H,  7  =  8.3  Hz,  Ph-H),  3.91  (t,  8H,  7=  7.2  Hz, 
-O-TTHj-C),  3.86  (t,  8H,  7=  8.3  Hz.  -N-CH^-C),  1.79 
(m,  8H.  -N-C-CHj-C),  1.1-1. 5  (m.  24H,  -CH^-).  0.94 
(t.  8H.  7=  7.0  Hz,  6-C-CH2-),  0.88  (t.  12H.  7=  7.2  Hz. 
-CH3),  0.26  (s,  36H,  -C-CH3).  MS  (MALDI-TOF):  m/z 
1607.08  (calcd.  for  [M]"  1606.838). 

4-Broiiio-7-(4'-i/-dodecyloxyphenylethynyl) 
l)enzo[c][l,2,5]thiadiazole.  4-«-Dodecyloxyethynylben- 
zene  [99]  (0.620  g,  2.16x  10  ’  mol),  4,7-dibromobenzo[c] 
[L2.5]thiadiazole  (1.91  g,  6.50  x  10’’  mol).  Pd(PPh3)2Cl2 
(0.162  g,  2.31  X  lO-*  mol),  Cul  (21  mg,  1.1  x  lO"*  mol), 
and  dry  toluene  (10  mL)  were  added  to  a  100-mL 
round-bottom  flask.  Ar  was  bubbled  into  the  reaction 
mixture  for  5  min  before  triethylamine  (10  mL)  was 
added.  The  reaction  mixture  was  stirred  at  45  °C  for  3  h 
under  Ar.  After  the  solvent  was  evaporated,  the  reaction 
mixture  was  chromatographed  on  silica  gel  with  2:1 
hexanes:CH2Cl2.  Yield  0.496  g  (46%  based  on  0.620  g 
of  4-w-dodecyloxyethynylbenzene).  ‘H  NMR  (300  MHz; 
CDCI3):  8.  ppm  7.83  (d.  IH.  7  =  7.6  Hz,  Ph-H),  7.63  (d. 
IH.  7  =  7.6  Hz.  Ph-H),  7.59  (d,  2H,  7  =  8.9  Hz.  Ph-H). 

6.91  (d.  2H.  7  =  8.9  Hz,  Ph-H),  3.99  (t.  2H.  7=  6.6  Hz. 
-OCH2-),  1.80  (quint,  2H.  -OC-CH2-),  1.45  (m,  2H. 
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-CHj-),  1.2-1. 4  (m,  16H.  -CHj-),  0.88  (t.  3H.  7=6.7  Hz. 
-CH3).  MS  (Q):  m/z  498.133  (calcd.  for  [Mf  498.134). 

(5,15-Bis([7'-(4''-H-dodecyloxyphenylethynyl) 
beiizo[c][l',2',5']thiadiazoI-4'-yl]ethynyi)-10,20- 
bis[2',6'-bis(3''.3"-dimethyl-l''-butyloxy)ijhenyl] 
poi-phiiiato)zinc(II)  (6).  4-Bromo-7-(4'-n-dodecyloxy- 
phenylethynyl)benzo[c][l,2.5]thiadiazole  (40.9  mg, 
8.19  X  10-5  mol),  (5,15-diethynyl-10,20-bis[2',6'-bis- 
( 3",3"-dimethyl  - 1  "-buty  loxy  )pheny  I  Jporphinato  )zinc(  II) 
(35.7  mg,  3.66  x  lO"’  mol).  Pd(PPh3)4  (10.1  mg,  8.7  x 
10-*  mol),  Cul  (1.3  mg,  6.8  x  10^  mol),  and  dry  THF 
(6.0  mL)  were  added  to  a  100-mL  round-bottom  flask. 
Ar  was  bubbled  into  the  reaction  mixture  for  10  min 
before  piperidine  (0.50  mL)  was  added.  The  reaction 
mixture  was  stirred  at  44 °C  for  17.5  h  under  Ar.  After 
cooling,  the  solvent  was  evaporated.  The  residue  was 
chromatographed  on  silica  gel  with  5:1  hexanes:THF 
as  tlie  eluent.  The  product  was  further  purified  by  size 
exclusion  column  chromatography  (BioRad  Bio-Beads 
SX-1  packed  in  THF,  gravity  flow).  Yield  45.5  mg  (60% 
based  on  35.7  mg  of  5,15-diethynyl-10,20-bis[2',6'- 
bis(3",3"-dimethyl-  r'-butyloxy)phenyl]porphinato) 
zinc(II)).  'H  NMR  (300  MHz;  1  drop  pyridine-d,  in 
CDCI3):  8.  ppm  9.90  (d,  4H,  J  =  4.6  Hz,  p-H),  8.86  (d. 
4H.  J  =  4.6  Hz.  P-H),  8.15  (d,  2H,  J  =  1 A  Hz,  Ph-H), 
7.92  (d,  2H,  J  =  7.4  Hz.  Ph-H).  7.72  (t,  2H,  J  =  8.4  Hz. 
Ph-H).  7.65  (d.  4H.  J  =  8.8  Hz,  Ph-H),  7.03  (d.  4H.  J  = 
8.5  Hz.  Ph-H),  6.94  (d,  4H,  7=  8.9  Hz,  Ph-H),  4.01  (t. 
4H.  7  =  6.6  Hz.  -O-CH2-C).  3.93  (t.  8H.  7  =  7.5  Hz.  -O- 
CHj-C).  1.82  (quint.  4H.  7=  6.8  Hz.  -O-CHj-C).  1.48 
(m.  4H.  -CH2-).  1 . 15-1 .40  (m,  32H.  -CH,-),  0.89  (t,  6H, 
7  =  6.7  Hz,  -CH3),  0.83  (t,  8H,  7  =  7.5  Hz,  -OC-CH^-), 
0.37  (s,  36H,  -C-CH3).  MS  (MALDI-TOF):  m/z  1809.0 
(calcd.  for  [Mr  1808.869). 

4-/i-Dodecyloxyphenyl-4',4',5',5'-tetraniethyl- 
T,3',2'-dioxaborolane.  4-n-Dodecyloxyiodobenzene 
[99]  (1.00 g.  2.58X  10"’  mol),  dichloro[l.T-bis(diphenyl- 
phosphino)ferrocene]palladium(II)-dichloromethane 
adduct  (0.106  g,  1.30  x  10"*  mol)  were  added  to  1,2- 
dichloroethane(5.0mL)  andEt3N  ( 1  .OmL,  7.2  x  10"’  mol). 
4,4,5,5-Tetramethyl-l,3,2-dioxaborolane  (0.56  mL,  3.9  x 
10"’  mol)  was  added,  and  the  reaction  mixture  was  stirred 
at  75  °C  for  1 .5  h  under  Ar.  After  cooling,  the  solvent  was 
evaporated.  The  residue  was  chromatographed  on  silica 
gel  with  2:1  hexanes:CHCl3  as  the  eluent.  Yield  0.674  g 
(67%  based  on  1.00  g  of  4-w-dodecyloxyiodobenzene). 
'H  NMR  (250  MHz:  CDCI3):  5,  ppm  7.73  (d,  2H,  7  = 
8.7  Hz.  Ph-H),  6.88  (d,  2H.  7  =  8.7  Hz,  Ph-H),  3.97  (t. 
2H,  7  =  6.6  Hz,  -OCH2-),  1.78  (quint,  2H.  7  =  6.6  Hz, 
-OC-CH2-),  1.45  (m,  2H,  -CH2-),  1.33  (s,  12H,  -CH3), 
1.26  (m.  16H.  -CH2-),  0.88  (t,  3H,  7  =  6.5  Hz.  -CH3). 
MS  (Cl):  m/z  388.317  (calcd.  for  [Mr  388.315). 

4-Bronio-7-(  4'-/i -dodecyloxypheny  l)beiizo  [c]  [  1 ,2,5] 
thiadiazole.  4-n-Dodecyloxyphenyl-4',4',5',5'-tetra- 
methyl-l',3',2'-dioxaborolane  (0.313  g,  8.06  x  10"*  mol), 
4,7-dibromobenzo[c][l,2,5]thiadiazole  (0.474  g,  1.61  x 
10"’  mol),  Pd(PPh3)4  (97  mg,  8.4  x  10"’  mol),  K2CO3 


(0.347  g,  2.51  X  10  ’  mol).  DMF  (25  mL),  and  H2O 
(3.0  mL)  were  added  to  a  100-mL  round-bottom  flask. 
Ar  was  bubbled  into  the  reaction  mixture  for  5  min  at 
room  temperature.  The  reaction  mixture  was  warmed 
up  to  86  °C  and  stirred  for  7.5  h  under  Ar.  After  cooling, 
200  mL  of  dilute  aq.  HCl  was  added  to  the  reaction 
mixture,  and  the  product  was  extracted  with  CHCI3  and 
dried  over  Na2S04.  The  solvent  was  evaporated,  and 
the  residue  was  chromatographed  on  silica  gel  with  1:1 
hexanes:CHCl3.  The  product  was  further  purified  by  size 
exclusion  column  chromatography  (BioRad  Bio-Beads 
SX-1  packed  in  THF,  gravity  flow).  Yield  0.295  g  (77% 
based  on  0.313  g  of  4-rt-dodecyloxyphenyl-4',4',5',5'- 
tetramethyl-l',3'.2'-dioxaborolane).  ‘H  NMR  (300  MHz; 
CDCI3):  8.  ppm  7.90  (d.  IH.  7  =  7.6  Hz.  -CH2-),  7.85  (d. 
2H.  7  =  8.8  Hz.  Ph-H).  7.53  (d,  IH.  7  =  7.6  Hz.  Ph-H), 
7.05  (d,  2H.  7  =  8.8  Hz,  Ph-H).  4.04  (t,  2H,  7  =  6.5  Hz. 
-OCH^),  1.83  (quint.  2H.  7  =  6.5  Hz.  -OC-CH2-),  1.49 
(m,  2H.  -CH2-),  1.2-1. 4  (m,  16H,  -CH2-),  0.88  (t,  3H. 
7  =  6.6  Hz,  -CH3).  MS  (Cl):  m/z  474.133  (calcd.  for 
[Mr  474.134). 

4-(4'-H-Dodecy  loxy  phenyl  )-7-(  trimethyisilyl- 
ethynyl)benzo[c][l,2,5]thiadiazole.  4-Bromo-7-(4'-M- 
dodecyloxyphenyl)benzo[c][l,2,5]thiadiazole  (0.2364  g. 
4.97  X  10-^  mol),  Pd(PPh3)4  (55.4  mg.  4.79  x  10'’  mol), 
Cul  (3.4  mg.  1.8  X  10  ’  mol),  and  diy  THF  (10  mL) 
were  added  to  a  100-mL  round-bottom  flask.  Ar  was 
bubbled  into  the  reaction  mixture  for  5  min  before 
(trimethylsilyl)acetylene  (0.25  mL,  1.8  x  10"’  mol)  and 
diisopropylamine  (1.0  mL)  were  added.  The  reaction 
mixture  was  stirred  at  50  °C  for  17.5  h  under  Ar.  After 
cooling,  the  solvent  was  evaporated.  The  residue  was 
chromatographed  on  silica  gel  with  8:1  hexanes:THF. 
Yield  0.240  g  (98%  based  on  0.2364  g  of  4-bromo-7- 
(4'-n-dodecyloxyphenyl)benzo[c][  1,2, 5]  thiadiazole). 
'H  NMR  (300  MHz;  CDClj):  5,  ppm  7.90  (d,  2H.  7  = 
8.9  Hz,  Ph-H),  7.82  (d.  IH.  7  =  7.4  Hz.  Ph-H).  7.61 
(d,  IH.  7  =  7.4  Hz.  Ph-H),  7.05  (d,  2H,  7  =  8.9  Hz. 
Ph-H),  4.04  (t,  2H,  7  =  6.5  Hz.  -OCH2-),  1 .82  (quint.  2H. 
7=  6.9  Hz,  -OC-CH2-),  1.49  (m.  2H,  -CH2-).  1.2-1. 4 
(m,  16H.  -CH2-).  0.88  (t,  3H.  7=  6.7  Hz.  -CH3),  0.34 
(s,  9H.  -Si-CHj).  MS  (Cl):  m/z  493.272  (calcd.  for  [M  -I- 
Hf  493.271). 

4-(4'-;i.Dodecyloxy  phenyl  )-7-ethyiiylbeiizo[c][  1,2,5] 
thiadiazole.4-(4'-«-Dodecyloxyphenyl)-7-(trimethylsilyl- 
ethynyl)benzo[c][l,2,5]thiadiazole  (0.223  g,  4.53  x 
lO""'  mol)  was  dissolved  in  a  mixture  of  THF  (7.0  mL) 
and  MeOH  (3.0  mL).  K2CO3  (85  mg,  6.2  x  10^  mol)  was 
added,  and  the  reaction  mixture  was  stirred  for  2  h  under 
Ar.  The  reaction  mixture  was  filtered  and  the  filtrate 
evaporated.  Yield  0.190  g  (99.7%  based  on  0.223  g  of 
4-(4'-«-dodecyloxyphenyl)-7-(trimethylsilylethynyl) 
benzo[c][1.2,5]thiadiazole).  'H  NMR  (300  MHz; 
CDCI3):  8,  ppm  7.90  (d,  2H.  7=  8.9  Hz.  Ph-H),  7.86  (d, 
IH,  7  =  7.3  Hz,  Ph-H),  7.63  (d,  IH,  7  =  7.4  Hz,  Ph-H), 
7.06  (d,  2H.  7=  8.9  Hz,  Ph-H).  4.04  (t.  2H.  7  =  6.5  Hz. 
-OCHj-),  3.60  (s,  IH,  ethynyl-H),  1.83  (quint,  2H, 
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J  =  6.9  Hz.  -OC-CH2-).  1.49  (m.  2H.  -CH^-),  1.2-1 .4 
(m,  16H,  -CHj-),  0.88  (t.  3H,  J  =  6.7  Hz,  -CH,).  MS 
(ESI):  m/z  421.233  (calcd.  for  [M  +  H]^  421.231). 

4.(  [4'-(  4''-// -Dodecyloxy  phenyl  )benzo  [c]  [  1',2'.5'] 
thiadiazol-7'-yl]elliynyl)-7-iodobenzo[c][l,2,5]tliiadia- 
zole.  4-(4'-n-Dodecyloxyphenyl)-7-ethynylbenzo[c] 
[l,2,5]thiadiazole  (0.120  g,  2.85  x  10"''  mol),  4,7-diiodo- 
benzo[c][  1 ,2,5]thiadiazole  [99]  (0.232  g.  5.98  x  10^  mol), 
Pdjdba,  (32.8  mg,  3.6  x  10'^  mol),  AsPhj  (92.4  mg,  3.0  x 
10^  mol),  and  dry  THE  (15  mL)  were  added  to  a  100-mL 
round-bottom  flask.  Ar  was  bubbled  into  the  reaction 
mixture  for  5  min  before  diisopropylethylamine  ( 1 .0  mL) 
was  added.  The  reaction  mixture  was  stirred  at  48  °C  for 
12.5  h  under  Ar.  After  cooling,  the  solvent  was  evaporated. 
The  residue  was  chromatographed  on  silica  gel  with  8:1 
hexanes:THE  The  product  was  further  purified  by  size 
exclusion  column  chromatography  (BioRad  Bio-Beads 
SX-1  packed  in  THF,  gravity  flow).  Yield  69.8  mg 
(36%  based  on  0.120  g  of  4-(4'-«-dodecyloxyphenyl)-7- 
ethynylbenzo[c][l,2,5]thiadiazole).  'H  NMR  (300  MHz; 
CDCI3):  5,  ppm  8.16  (d.  IH.  y  =  7.5  Hz,  Ph-H),  8.03  (d. 
1 H,  y  =  7.4  Hz,  Ph-H),  7.96  (d.  2H,  y  =  8.9  Hz,  Ph-H).  7.7 1 
(d.  1 H.  y  =  7.4  Hz,  Ph-H),  7.70  (d.  1 H,  y  =  7.5  Hz,  Ph-H), 
7.08  (d.  2H,  y=  8.9  Hz.  Ph-H),  4.05  (t,  2H,  y  =  6.5  Hz, 
-OCH2-),  1.84  (quint.  2H.  J  =  7.0  Hz.  -OC-CHj-), 
1.49  (m.  2H.  -CHj-),  1.2-1 .4  (m.  16H.  -CHj-),  0.88  (t, 
3H.  y  =  6.6  Hz,  -CH3).  MS  (MALDI-TOF):  m/z  680.09 
(calcd.  for  [Mr  680.110). 

(5,15-Bis([7'-([7"-(4'"'-«-dodecyloxyphenyl)benzo 
[c][l'',2'',5"]thiadiazol-4''-yl]ethynyl)benzo[c]- 
[l',2'.5']thiadiazol-4'-yl]ethynyl)-10,20-bis[2',6'- 
bis(3'',3''-dinicthyl-l''-butyloxy)phenyl]porphiiiato) 
zinc(II)  (7).  4-([4'-(4"-M-Dodecyloxyphenyl)benzo[c] 
[r,2',5']thiadiazol-7'-yl]ethynyl)-7-iodobenzo[c][  1,2,5] 
thiadiazole  (31.0  mg,  4.55  x  10'^  mol),  5,15-diethynyl- 
10,20-bis[2',6'-bis(3",3"-dimethyl-l"-butyloxy) 
phenyl]porphinato)zinc(n)  (22.2  mg,  2.28  x  lO"’  mol). 
Pd(PPh3)4  (9.1  mg.  7.9  x  lO'®  mol).  Cul  (1.7  mg.  8.9  x 
lO"*  mol),  and  dry  THF  (8.0  mL)  were  added  to  a 
100-mL  round-bottom  flask.  Ar  was  bubbled  into  the 
reaction  mixture  for  5  min  before  piperidine  (0.50  mL) 
was  added.  The  reaction  mixture  was  stirred  at  50  °C 
for  3.5  h  under  Ar.  After  cooling,  the  solvent  was 
evaporated.  The  residue  was  chromatographed  on 
silica  gel  with  3:1  hexanes:THF  as  the  eluent.  The 
product  was  further  purified  by  size  exclusion  column 
chromatography  (BioRad  Bio-Beads  SX-1  packed 
in  THF,  gravity  flow).  Yield  30.2  mg  (64%  based  on 
31.0  mg  of  4-([4'-(4"-n-dodecyloxyphenyl)benzo[c] 
[T.2',5']thiadiazol-7'-yl]ethynyl)-7-iodobenzo[c][l,2.5] 
thiadiazole).  'H  NMR  (300  MHz;  1  drop  pyridine-d,  in 
CDCI3):  8.  ppm  9.92  (d.  4H.  J  =  4.6  Hz.  P-H).  8.89  (d. 
4H.  y  =  4.5  Hz,  p-H),  8.21  (d.  2H.  J=  7.4  Hz,  Ph-H),  8.13 
(d.  2H.  y  =  7.4  Hz.  Ph-H),  8.09  (d,  2H.  J=  1 A  Hz.  Ph-H), 
7.98  (d.  4H.  y  =  8.7  Hz.  Ph-H),  7.75  (d.  2H.  y  =  7.3  Hz. 
Ph-H).  7.73  (t,  2H.  J  =  8.3  Hz.  Ph-H),  7.09  (d,  4H.  y  = 
8.8  Hz,  Ph-H),  7.04  (d.  4H.  J  =  8.5  Hz,  Ph-H).  4.06  (t. 


4H.  y=  6.4  Hz.  -O-CHj-C).  3.94  (t.  8H.  y  =  7.5  Hz,  -O- 
CHj-C).  1.85  (quint.  4H.  y  =  7.0  Hz.  -O-CH^-C).  1.50 
(m,4H.-CH2-),  L15-1.40(m,  32H,-CH2-),0.89(t,  6H, 
-CH3),  0.85  (t,  8H,  y  =  7.5  Hz,  -OC-CH,-),  0.39  (s,  36H. 
-C-CH3).  MS  (MALDI-TOF):  m/z  2076.99  (calcd.  for 
[Mr  2076.857). 

5, 1 5-Bis(  [7'-(4"..V,A’-d  ihexyla  niinopheny  lethy  nyl ) 
benzo[c][l',2'.5']thiadlazol-4'-yl]ethynyl)-10,2()- 
bis[2',6'-bis(3",3"-diniethyl-l"-butyloxy)pheiiyl] 
porphinato)zinc(II)  (8).  4-(4'-Af.Y-Dihexylamino- 
phenylethynyl)-7-iodobenzo[c][  1 ,2,5]thiadiazole  [99] 
(73.6  mg,  L35x  10-’mol),5,15-diethynyl-10,20-bis[2',6'- 
bis(3",3"-dimethyl-l"-butyloxy)phenyl]porphinato) 
zinc(n)  (59.0  mg,  6.05  x  lO"^  mol),  PdlPPhj)^  (15.6  mg. 
1.35  X  10'^  mol),  Cul  (1.0  mg,  5.3  x  lO"®  mol),  and  dry 
THF  (6.0  mL)  were  added  to  a  100-mL  round-bottom 
flask.  Ar  was  bubbled  into  the  reaction  mixture  for  5  min 
before  piperidine  (0.50  mL)  was  added.  The  reaction 
mixture  was  stirred  at  49  °C  for  20  h  under  Ar.  After 
cooling,  the  solvent  was  evaporated.  The  residue  was 
chromatographed  on  silica  gel  with  5:1  hexanes :THF 
as  the  eluent.  The  product  was  further  purified  by  size 
exclusion  column  chromatography  (BioRad  Bio-Beads 
SX-1  packed  in  THF,  gravity  flow).  Yield  0.107  g  (98% 
based  on  59.0  mg  of  5,15-diethynyl-10.20-bis[2',6'- 
bis(3",3"-dimethyl-T'-butyloxy)phenyl]porphinato) 
zinc(n)).  'H  NMR  (300  MHz:  CDCI3):  8,  ppm  9.99  (d, 
4H,  y  =  4.6  Hz.  P-H),  8.94  (d,  4H,  J  =  4.6  Hz.  p-H).  8. 1 7 
(d.  2H.  y=  7.4  Hz.  Ph-H).  7.89  (d.  2H.  y  =  7.4  Hz.  Ph-H). 
7.73  (t,  2H.  y=  8.4  Hz.  Ph-H).  7.56  (d.  4H.  3=  7.7  Hz. 
Ph-H),  7.03  (d.  4H.  y=  8.5  Hz.  Ph-H),  6.64  (d,  4H.  y  = 
9.0  Hz,  Ph-H),  3.94  (t.  8H,  J  =  7.3  Hz.  -O-CHj-C),  3.32 
(t,  8H,  y  =  7.6  Hz,  -N-CHj-C),  1.5- 1.7  (m,  4H,  -CH^-), 
1.25-1.45  (m,  24H.  -CH^-),  0.8-1 .0  (m,  20H.  -O-C- 
CHj-  and  -CH3),  0.26  (s,  36H,  -C-CHj).  MS  (MAiLDI- 
TOF):  m/z  1807.1  (calcd.  for  [Mr  1806.901). 

4-(4'-(.V,.V-Dihexylaniino)phenylethenyl)-7-iodo- 
benzo[c][l,2,5]thiadiazole.  iVyV-Dihexylamino-4-vinyl- 
benzene  [99]  (0. 1 54g.  5.36  x  1 0'^  mol),4,7-diiodobenzo[c] 
[l,2.5]thiadiazole  [99]  (0.309  g,  7.96  x  10^  mol), 
Pdjdbaj  (50.4  mg,  5.5  x  lO'^  mol),  and  dry  1,4-dioxane 
(7.0  mL)  were  added  to  a  100-mL  round-bottom  flask. 
Ar  was  bubbled  into  the  reaction  mixture  for  5  min 
before  dicyclohexylmethylamine  (0.50  mL)  and  P(t-Bu)3 
(10  wt%  in  hexanes,  1.00  mL,  3.3  x  10^  mol)  were 
added.  The  reaction  mixture  was  stirred  at  57  °C  for  48  h 
under  Ar.  After  the  solvent  was  evaporated,  the  reaction 
mixture  was  chromatographed  on  silica  gel  with  8:1 
hexanes:THF.  The  product  was  further  purified  by  size 
exclusion  column  chromatography  (BioRad  Bio-Beads 
SX-1  packed  in  THF,  gravity  flow).  Yield  42.2  mg  (14% 
based  on  0. 154  g  of  A^yV-dihexylamino-4-vinyIbenzene). 
'H  NMR  (300  MHz;  CDCI3):  8.  ppm  8.04  (d,  1 H,  y  =  7.6 
Hz,  Ph-H).  7.84  (d,  IH.  J  =  16.4  Hz,  vinyl-H),  7.50  (d, 
2H,y  =  8.8 Hz.  Ph-H), 7.38  (d.  lH,y=  16.2 Hz.  vinyl-H). 
7.37  (d.  IH.  y=  7.8  Hz,  Ph-H).  6.64  (d.  2H,  y=  8.9  Hz. 
Ph-H),  3.30  (t.  4H,  y  =  7.6  Hz,  -NCH^-),  1.61  (m.  4H. 
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-NC-CH^-).  1.15-1.45  (m.  12H.  -CH^-),  0.91  (t.  6H. 
y=  6.7  Hz.  -CHj).  MS  (Cl):  m/z  547.1481  (calcd.  for 
[Mr  547.148). 

(5,15-Bis(  [7'-(4"-.V,jV-dihexylaniinoplienyletlienyl ) 
beiizo[c][l',2',5']thiadiazol-4'-yi]ethynyl)-10,20- 
bis[2',6'-bis(3",3"-diiiiethyl-l"-butyloxy)pheiiyl] 
porphinato)zinc(II)  (9).  4-(4'-MA'-Dihexylamino- 
phenylethenyl)-7-iodobenzo[c][l  .2,5]  thiadi  azole 
(42.2  mg,  7.71  x  lO'^  mol),  5,15-diethynyl-10,20-bis[2',- 
6'-bis(3",3"-dimethyl- 1  "-butyloxy)phenyl]porphinato) 
zinc(n)  (38.0  mg.  3.90  x  10‘*  mol),  Pd(PPh3)4  (10.5  mg, 
9.1x10^  mol),  Cul  ( 1 .0  mg.  5.3x10-*  mol),  and  diy  THF 
(5.0  mL)  were  added  to  a  100-mL  round-bottom  flask.  Ar 
was  bubbled  into  the  reaction  mixture  for  5  min  before 
piperidine  (0.50  inL)  was  added.  The  reaction  mixture 
was  stirred  at  47  °C  for  43  h  under  Ar.  After  cooling,  the 
solvent  was  evaporated.  The  residue  was  chromatographed 
on  silica  gel  with  5:1  hexanes:THF  as  the  eluent.  The 
product  was  further  purified  by  size  exclusion  column 
chromatography  (BioRad  Bio-Beads  SX-1  packed 
in  THF,  gravity  flow).  Yield  30.4  mg  (43%  based  on 
42.2  mg  of  4-(4'-NJV-dihexylaminophenylethenyl)-7- 
iodobenzo[c][1.2,5]thiadiazole).  'H  NMR  (500  MHz;  1 
drop  pyridine-d;  in  CDCI3):  5.  ppm  9.90  (d,  4H,  J  =  4.5 
Hz,  P-H),  8.84  (d,  4H,  J  =  4.5  Hz,  P-H),  8.14  (d,  2H, 
J  =  7.2  Hz.  Ph-H),  7.99  (d.  2H.  7  =  16.1  Hz,  vinyl-H), 
7.77  (d,  2H,  J  =  7.4  Hz,  Ph-H),  7.71  (t,  2H,  J  =  8.5  Hz, 
Ph-H),  7.57  (d,  4H,  J  =  8.4  Hz,  Ph-H),  7.55  (d,  2H, 
J  =  16.0  Hz.  vinyl-H),  7.02  (d,  4H.  7=  8.6  Hz,  Ph-H), 
6.68  (d,  4H.  7  =  8.7  Hz.  Ph-H),  3.92  (t.  8H.  7  =  7.4  Hz. 
-O-CH2-C),  3.33  (t.  8H.  7  =  7.6  Hz,  -N-CHj-C),  1.63 
(m,  8H,  -CH2-),  1.3-1. 4  (m,  24H,  -CH^-),  0.93  (t,  12H, 
7=  6.7  Hz,  -CH3),  0.84  (t,  8H,  7  =  7.5  Hz,  -O-C-CH^-), 
0.39  (s,  36H.  -C-CH3).  MS  (MALDI-TOF):  m/z  181 1.0 
(calcd.  for  [M]^  1810.932). 


RESULTS  AND  DISCUSSION 


Synthesis 

Chromophores  2-9  are  based  on  a  (5,15-diethy- 
nylporphinato)zinc(n)  framework  and  feature  symmetric 
donor  or  acceptor  units  appended  at  the  meso-ethynyl 
positions  that  derive  from  phenylene  and  benzo[c] 
Il,2,5]thiadiazole  building  blocks;  these  stmctures, 
along  with  the  TMS-protected  (5,15-diethynyl-10,20- 
bis[3',5'-bis(9"-methoxy-l",4".7"-trioxanonyl)phenyl] 
porphinato)zinc(n)  reference  monomer  (1),  are  shown  in 
Fig.  1 .  Scheme  1  details  the  syntheses  of  fluorophores  3-9. 
The  proquinoidal  spacer  unit,  benzo[c][  1 ,2,5]thiadiazole, 
which  extends  ^-conjugation  from  the  porphyrin  core  for 
4-9,  has  been  used  not  only  as  a  common  building  block 
to  enhance  electronic  delocalization  within  7i-conJugated 
oligomers  and  polymers,  but  also  as  an  electron  accepting 
moiety  [55, 99, 101 , 102].  Incorporation  ofbenzo[c][l, 2,5] 
thiadiazole  into  conjugated  organic  networks  is  made 


facile  through  the  agency  of  palladium-catalyzed  cross¬ 
coupling  reactions.  In  2-9,  each  aromatic  unit  is  linked 
by  either  ethyne  or  ethene  units  through  Sonogashira  or 
Heck  coupling  reactions.  The  10-  and  20-ni^so-positions 
of  the  (porphinato)zinc  cores  of  1-9  feature  either 

3.5- bis(9'-methoxy-l',4',7'-trioxanonyl)phenyl  (1)  or 

2.6- bis(3',3'-dimethyl-l  '-butyloxy)phenyl  substituents 
(2-9)  to  ensure  high  solubility.  Fluorophores  2-9  were 
synthesized  by  Pd-mediated  cross-coupling  reactions 
involving  appropriately  modified  terminal  substituents 
and  5,15-dibromo-  or  5,15-diethynyl(porphinato)zinc(n) 
synthons  (Experimental  Section). 

Steady-state  electronic  absorption  spectra 

Electronic  absorption  spectra  of  NIR  fluorophores 
2-9  recorded  in  THF  solvent  are  displayed  in  Fig.  2. 
These  chromophores  feature  lowest  eneigy  Q  absorption 
bands  that  are  significantly  red-shifted  (1985-3070  cm'*) 
and  intensified  (-20  to  50-fold  enhanced  in  oscillator 
strength)  relative  to  the  analogous  transition  manifold  of 
[5.10,15,20-tetraphenyl(porphinato)]zinc(n)  (TPPZn) 
[100].  While  chromophores  2  and  3  manifest  spectral 
signatures  akin  to  other  closely  related,  [5,15-bis[(aryl) 
ethynyl]-10,20-diphenylporphinato]zinc(II)  complexes 
[42],  note  that  stmctures  4-9,  which  incorporate  benzo[c] 
[l,2,5]thiadiazole  units,  manifest  spectra  that  bear 
distinct  similarities  to  chlorophylls  and  stmcturally 
related  molecules  [103].  The  extinction  coefficients 
of  the  x-polarized  Q-band  [Q,(0,0)]  transitions  for  4-9 
are  significantly  enhanced  relative  to  2  and  3,  which 
bear  5,15-bis(arylethynyl)  macrocycle  substituents 
(Fig.  2,  Table  1).  As  conjugation  is  expanded  at  the 
porphyrin  (5,15-bis(benzo[c][r,2',5']thiadiazol-4'- 
ylethynyl)  moieties  [4— >5-4(6, 7,  8,  9)]  (Fig.  2.  Table  1), 
increasingly  pronounced  B-state  (Soret)  transition 
manifold  splitting  is  evident;  note  that  the  Q,(0.0) 
transition  extinction  coefficients  for  fluorophores  6-9 
surpass  those  of  their  most  intense  respective  B-band 
absorption,  and  exceed  10’  M  '.cm  ',  a  value  comparable 
to  Q-state  absorptions  characteristic  of  chlorophylls  and 
phthalocyanines  [30,  37].  In  contrast  to  the  full  widths  at 
half  maximum  (FWHM)  values  for  the  B-band  manifolds 
of  6-9,  which  span  4430-6480  cm'‘  and  greatly  exceed 
that  of  the  TPPZn  benchmark  (660  cm  '),  the  FWHMs 
of  their  respective  Q,(0,0)  transitions  range  from  812  to 
940  cm  *.  Compounds  3  and  8  highlight  the  qualitative 
impact  of  5,15-bis(benzo[c][l',2',5']thiadiazol-4'- 
ylethynyl)  substituents  relative  to  corresponding  5,15- 
bis[(aryl)ethynyl]  groups  upon  the  (porphinato)zinc 
chromophore  long-wavelength  absorption  maximum: 
note  the  x-polarized  Q-state  absorption  maximum 
for  8  is  928  cm  '  red-shifted  relative  to  that  for  3.  The 
enhanced  ^-conjugation  afforded  by  the  benzo[c][l,2,5] 
thiadiazolyl  group  is  consistent  with  its  proquinoidal 
character  [104],  and  earlier  work  which  establishes  that 
tneso  (benzo[c]  [  1 ,2,5]thiadiazol-4-ylethynyl)  substituents 
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.Scheme  1.  Synthetic  routes  to  5,15-dietiiynyl-(porphmato)zinc(II)-bascd  fluorophores  3-9  and  to  key  precursor  compounds 
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Fig.  2.  Absorption  (black  line)  and  fluorescence  (red  linel  spectra  of  5.15-die(hynyl-(porphinatotzinc(n)-based  fluorophores  2-9 
recorded  in  THF  solvent 


drive  pronounced  S,  state  cumulenic  character  for 
(porphinato)zinc-based  chromophores  [55], 

Fluorescence  spectra 

Figure  2  also  highlights  the  fluorescence  spectra 
recorded  for  cliroraophores  2-9  in  THF  solvent;  these 
spectra  mirror  the  respective  lowest  energy  Q-state 
absorption  manifolds  for  these  chromophores.  The 
fluorescence  energy  maxima  red-shift  with  increasing 


degrees  of  conjugation  [4— >5— >(6.  7,  8,  9)]  (Fig.  2. 
Table  1);  note  in  this  regard  that  fluorophore  7  features 
an  emission  band  maximum  centered  at  748  nm,  and 
tliat  slmctures  2-9  feature  narrow  fluorescence  bands 
(620  cm'  <  FWHM(S,— »So)  <  1130  cm')  that  are 
significantly  reduced  with  respect  to  the  Si— FWHM 
value  detennined  for  TPPZn  (1924  ctn  ').  Note  also 
that  tlie  narrow  fluorescence  hands  of  2-9  resemble  the 
spectral  breadths  of  their  respective  lowest  energy  Q-state 
absorption  manifolds  (Table  1 )  and  feature  low-magnitude 
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Table  1.  Comparative  electronic  absorption  and  steady-state  fluorescence  spectral  data  detemiincd  for  chromophores  1-9  in  THF 
solvent  relative  to  the  TPPZn  benchmark 


(Sq— ^Si), 

nm* 

^max  (Sq 

FWHM 
(So->S,),  cm  “ 

(Sj— >S(J,  nni 

FWHM 
(Si-»S„),  cm' 

Stokes  shift, 
cm"'' 

TPPZn  (in  benzene) 

589 

3680 

577 

605 

1924" 

449 

1 

632 

33,200 

438 

638 

626 

149 

2 

669 

57,000 

824 

678 

656 

198 

3 

667 

94,000 

704 

674 

618 

156 

4 

674 

84,000 

654 

687 

809 

281 

S 

701 

108,000 

737 

710 

649 

181 

6 

704 

127,000 

812 

730 

922 

506 

7 

715 

109,400 

939 

748 

1131 

617 

8 

711 

134,000 

818 

735 

890 

459 

9 

719 

105,000 

940 

743 

870 

449 

‘For  1-9,  the  value  reported  corresponds  to  that  for  the  x-polarized  (Sq— >S,)  absorption.  Note  tliat  for  the  TPPZn  chromophore,  the 
value  reported  corresponds  to  that  for  the  Q(0,0)  transition.  '’The  value  reported  corresponds  to  that  for  the  Q-state  manifold.  'The 
difference  in  energy  between  the  absorption  (So— >Si)  and  fluorescence  (S]— >So)  band  maxima. 


Table  2.  Comparative  x-polarized  [Sq— >8,;  Q,(0,0)]  integrated  absorptive  oscillator  strengths,  fluorescence  quantum  yields, 
fluorescence  fifetiraes.  experimental  and  calculated  radiative  rate  constants,  and  experimental  non-radiative  rate  constants  determined 
for  chromophores  1-9  in  THF  solvent  relative  to  the  TPPZn  benchmark 


Oscillator 

strength' 

Xf,  ns 

k,  (X  10’  s  ') 

Jt„  (X  10’  s') 

k/calc)**  (X  10’ s"') 

TPPZn  (in  benzene) 

0.00977 

0.033' 

2.09 

1.58 

46.27 

1.78 

1 

0.0669 

0.058  (0.021) 

1.99 

2.91 

47.34 

4.30 

2 

0.216 

0.22  (0.044) 

2.04 

10.78 

38.24 

7.72 

3 

0.304 

0.25  (0.043) 

1.63 

15.34 

46.01 

11.1 

4 

0.253 

0.15(0.013) 

1.42 

10.56 

59.86 

9.23 

5 

0.366 

0.19(0.012) 

1.20 

15.83 

67.50 

11.3 

6 

0.474 

0.32  (0.020) 

1.97 

16.24 

34.52 

13.0 

7 

0.473 

0.35  (0.035) 

1.87 

18.72 

34.76 

11.8 

8 

0.504 

0.36  (0.032) 

1.71 

21.05 

37.43 

13.8 

9 

0.454 

0.26  (0.029) 

1.37 

18.98 

54.01 

11.5 

"/=  4.6  X  Itf’-enuj-AViQ;  the  oscillator  strengths  were  calculated  for  the  x-polarized  (So— >S,)  absorption.  Note  that  for  the  TPPZn 
chromophore.  the  repotted  integrated  oscillator  strength  corresponds  to  that  for  the  Q-state  transition  manifold.  ''Fluorescence 
quantum  yields  determined  relative  to  free  base  TPP  in  benzene  (<I>^=  0. 1 3);  parenthetical  values  represent  standard  deviations  from 
the  mean.  'From  Ref.  100.  ‘‘Calculated  using  Equation  2. 


Stokes  shifts  (155-620  cm  '),  congruent  with  a  minimal 
degree  of  excited-state  structural  relaxation  relative  the 
ground-state  conformation  for  these  chromophores. 

Strickler-Berg  analysis  of  the  S, -state 
photophysics  of  fluorophores  2-9 

Relative  to  the  (porphinato)zinc  chromophore 
TPPZn  (d)/  =  0.033),  the  fluorescence  quantum  yields 
of  fluorophores  2-9  are  particularly  dramatic  (0.15  < 


<  0.36;  Table  2).  Further,  given  the  shape  and 
intensity  of  the  steady-state  fluorescence  spectra  of 
these  monomeric  (porphinato)zinc  chromophores  that 
bear  either  5,15-bis[(aryl)ethynyl]  or  5,15-bis(benzo[c] 
[r,2',5']thiadiazol-4'-ylethynyl)  substituents,  coupled 
with  the  fact  that  the  emission  band  maxima  of  these 
species  are  significantly  red-shifted  (1690-3160  cm  ') 
with  respect  to  the  TPPZn  benchmark  (Table  1),  suggest 
an  analysis  of  the  Si  state  photophysics  within  the  context 
of  the  Strickler-Berg  model,  which  relates  increases  in 
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tlie  integrated  oscillator  strength  of  the  lowest-energy 
ground-stale  absorption  band  willi  a  corresponding 
augmentation  of  the  radiative  decay  rate  constant  (k^. 
Equation  2)  [22]. 

*,  =  2.880  X 1 0’  ^  J  In  v  (2) 


Here  k,  is  radiative  decay  rate  coustanU  n  is  the 
refractive  inde.x  of  the  solvent,  gt  and  g„  are  Uie  respective 
degeneracies  of  the  ground  and  excited  states,  e  is  the 
molar  extinction  coefficient,  v  is  the  frequency  of  the 
transition  in  cm  *.  The  term  is  expressed  as; 


\l{V)du 

J  V^I(v)di/ 


(3) 


where  /  is  the  intensity  of  the  fluorescence  spectrum, 
measured  in  terms  of  relative  numbers  of  quanta  at  each 
frequency.  The  fluorescence  quantum  yield  (4>f)  is  simply 
described  by  Equation  4; 


/ 


k  +k 

r  t 


(4) 


where  k„^  describes  the  magnitude  of  the  non-radiative 
decay  rate  constant,  which  corresponds  to  tlie  sum  of  the 
internal  conversion  (A;,.)  and  intersystem  crossing  (A:,„) 
rale  constants.  Provided  that  the  magnitudes  of  tlie  non- 
radiative  rate  remain  approximately  constant  within  a 
family  of  closely  related  chromophores,  an  increase  in  the 
integrated  oscillator  strength  results  in  a  corresponding 
increase  in  the  fluorescence  quantum  yield. 

Figure  3  highlights  the  x-polarized  Q-stale  oscillator 
strength  dependent  fluorescence  quantum  yields,  radiative 


rate  constants,  and  non-radiative  rate  constants  of  fluoro- 
phores  l-f  relative  to  tlie  TPPZii  benchmark.  Note  the 
distinct  increase  in  the  magnitude  of  the  radiative  rate 
constant  with  increasing  x-polarized  Q-stale  oscillator 
strength  (Fig.  3B).  and  that  the  measured  k,  values  for 
fluorophores  5-9  exceed  that  of  the  TPPZn  by  more 
than  an  order  of  magnitude.  This  apparent  Stricker- 
Berg  dependence  of  the  radiative  rate  constant  upon  the 
integrated  lowest  eneigy  So— >5,  oscillator  strength  gives 
rise  to  a  family  of  porphyrin-based  NIR  fluorophores  in 
which  the  longest  wavelength  emitter  (7. 748  run)  features  a 
fluorescence  quantum  yield  (3)^^=  0.35;  Tables  1  and  2)  that 
exceeds  that  of  chromophores  1-6  and  9.  which  emit  to  the 
blue  of  this  wavelength. 

As  emission  wavelengths  approach  the  NIR  specU'al 
domain,  the  simple  Slricker-Berg  predicted  dependence 
of  the  radiative  rate  constant  upon  the  magnitude  of  Ihe 
integrated  oscillator  strength  is  generally  mitigated  by 
expected  energy  gap  law  effects  [23],  where  increasing 
magnitudes  of  the  Sq-S,  internal  conversion  rate  constant 
[kfc)  track  with  diminishing  Sq-S,  energy  gaps  and  thus 
sharply  decrease  In  these  chromophores,  two  factors 
conspire  to  enhance  4>^as  emission  wavelength  increases 
over  the  650-750  nm  spectral  domain.  The  first  of  these 
derives  from  the  fact  that  the  proquinoidal  benzo[c] 
[l,2,5]thiadiazole  unit  minimizes  Ihe  extent  of  excited- 
state  structural  relaxation  relative  the  ground-state 
conformation  [55]  for  chromophores  4-9,  reflected  by 
the  narrow  fluorescence  bands  and  modest  Stokes  shifts 
determined  for  these  species  (Fig.  2;  Tables  1  and  2),  and 
tliereby  reduces  S,-So Franck-Condon  overlap  important 
for  determining  the  magnitude  of  k^^.  The  second  factor 
that  drives  this  unusual  dependence  of  Oj  upon  emission 
wavelength  stems  from  tlie  fact  that  for  these  ethyne- 
elaborated  (porphinato)zinc  derivatives,  intersystem 
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crossing  into  the  triplet  manifold  generates  T,  states  that 
manifest  more  spatially  confined  excitations  relative  to 
the  globally  delocalized  S,  states  of  these  chromophores 
[41,  45,  47,  54,  62].  This  diminished  overlap  of  S,  and 
T,  state  wavefunctions  mitigates  5,-7,  intersystem 
crossing  rate  constants  (ki^c  values),  and  thus  serves  to 
counter-balance  the  effect  of  augmented  Franck-Condon 
mediated  internal  conversion  that  typically  accompanies 
Sq-S,  energy  gap  reductions;  this  effect  has  been  detailed 
previously  for  closely  related  compounds  [57],  Thus, 
for  4-9,  extension  of  x-polarized  conjugation  of  the 
(5,15-diethynylporphinato)zinc(II)  framework  via  the 
benzo[c][l,2,5]thiadiazole  moiety  causes  the  magnitude 
of  to  increase  faster  than  does  the  magnitude  of  k„^  as 
emission  wavelength  increases,  providing  substantial 
fluorescence  quantum  yields  that  manifest  a  weak  energy 
gap  law  [23]  dependence  over  this  spectral  regime. 


CONCLUSION 

We  describe  a  design  strategy  for  (porphinato)zinc- 
based  chromophores  that  possess  large  NIR  fluorescence 
quantum  yields.  These  fluorophores  are  based  on  a  (5.15- 
diethynylporphinato)zinc(ID  framework  and  feature 
symmetric  donor  or  acceptor  units  appended  at  the 
m«so-ethynyl  positions  via  benzo[c][l,2,5]thiadiazole 
moieties.  These  chromophores  possess  red-shifted 
absorption  and  emission  bands  relative  to  TPPZii  and 
(5, 15-diethynyl-10,20-arylpotphinato)zinc(n)  bench¬ 
marks  that  range  between  650  and  750  nm  and  bear 
distinct  spectral  similarities  to  those  manifest  by 
chlorophylls  and  stmcturally  related  molecules. 

Interestingly,  the  measured  radiative  decay  rate 
constants  for  these  emitters  track  with  the  integrated 
oscillator  strengths  of  their  respective  x-polarized 
Q-band  absorptions,  and  thus  define  an  unusual  family 
of  high  quantum  yield  NIR  fluorophores  in  which 
emission  intensity  is  governed  by  a  simple  Strickler- 
Beig  dependence.  These  photophysical  properties 
derive  from  the  facts  that:  (i)  the  proquinoidal  benzo[c] 
[l,2,5]thiadiazole  unit  minimizes  the  extent  of  excited- 
state  stmctural  relaxation  relative  the  ground-state 
conformation  [55],  and  (ii)  meso-ethynyl  elaborated 
(porphinato)zinc  compounds  are  characterized  by  T, 
states  that  are  more  spatially  confined  than  their  globally 
delocalized  Si  states  [41,  45,  47,  54,  62],  which  result 
in  diminished  S,-T,  intersystem  crossing  rate  constants 
relative  to  conventional  (porphinato)zinc  chromophores. 
For  these  NIR  fluorophores,  these  effects  cause  the 
magnitude  of  k^  to  increase  faster  than  does  the  magnitude 
of  k„,  as  emission  wavelength  increases,  providing 
substantial  fluorescence  quantum  yields  that  manifest  a 
weak  energy  gap  law  [23]  dependence  over  the  spectral 
regime  (685-750  nm)  spanned  by  these  emitters.  These 
designs  that  take  advantage  of  these  photophysical 
properties  make  possible  broadly  absorptive  and  strongly 


emissive  NIR  fluorophores  that  derive  from  a  monomeric 
(5, 15-diethynyl-porphinato)zinc  framework. 
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Upconverting  Nanocrystals,  J.  T.  Stecher,  A.  B.  Rohlfmg,  and  M.  J.  Therien,  Nanomaterials  2014,  4,  69- 
86.  DOI:  10.3390/nano4010069. 

17)  The  Biochemistry  and  Theory  of  Proton  Coupled  Electron  Transfer,  A.  Migliore,  N.  F.  Polizzi,  M.  J. 
Therien,  and  D.  N.  Beratan,  Chem.  Rev.  2014, 114,  3381-3465.  DOI:  10.1021/cr4006654. 

18)  Europium-  and  Lithium-Doped  Yttrium  Oxide  Nanocrystals  that  Provide  a  Linear  Emissive  Response 
with  X-ray  Radiation  Exposure,  1.  N.  Stanton,  M.  D.  Belley,  G.  Nguyen,  A.  Rodrigues,  Y.  Li,  D.  G. 
Kirsch,  T.  T.  Yoshizumi,  and  M.  J.  Therien,  Nanoscale  2014,  6,  5284  -  5288.  DOI: 
10.1039/C4NR00497C. 

19)  Hapticity-Dependent  Charge  Transport  through  Carbodithioate-Terminated  [5,15- 
Bis(phenylethynyl)porphinato]-zinc(II)  Complexes  in  Metal-Molecule-Metal  Junctions,  Z.  Li,  M.  Smeu, 
T.-H.  Park,  J.  Rawson,  Y.  Xing,  M.  J.  Therien,  M.  A.  Ratner,  and  E.  Borguet,  Nano  Lett.  2014, 14, 
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20)  Femtosecond  pulse  train  shaping  improves  two -photon  excited  fluorescence  measurements,  J.  K. 
Park,  M.  C.  Fischer,  K.  Susumu,  M.  J.  Therien,  and  W.  S.  Warren,  Opt.  Lett.  2014,  39,  5606-5609. 
DOI:  10.1364/OL.39.005606. 

21)  Potentiometric,  Electronic,  and  Transient  Absorptive  Spectroscopic  Properties  of  Oxidized  Single-Walled 
Carbon  Nanotubes  Helically  Wrapped  by  Ionic,  Semiconducting  Polymers  in  Aqueous  and  Organic 
Media,  P.  Deria,  J.-H.  Olivier,  J.  Park,  and  M.  J.  Therien,  J.  Am.  Chem.  Soc.  2014, 136,  14193-14199. 
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22)  Tailoring  Porphyrin-based  Electron  Accepting  Materials  for  Organic  Photovoltaics,  J.  Rawson,  A.  C. 
Stuart,  W.  You,  and  M.  J.  Therien,  J.  Am.  Chem.  Soc.  2014, 136,  17561-17569.  DOI: 
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ACTIVE  OTHER  SUPPORT  (changes  from  previous  submission  have  been  highlighted) 

Michael  J.  Therien 

Title  and  Agency  ID#:  Charge-Transfer  Dynamics  Relevant  to  Protein-Mediated  Energy  Transduction 
R01-GM071628  (Therien’s  Role:  PI) 

Time  Commitment:  0.67  siumner  month  per  year' 

Supporting  Agency:  National  histitutes  of  Health 

Name  and  address  of  the  Funding  Agency’s  Procuring  Contracting/Grants  Officer: 

Di-.  Wai-d  W.  Smith 

National  histitute  of  General  Medical  Sciences.  Building  45,  Room  2As-19F,  MSC  6200,  45  Center  Drive 
Bethesda.  MD  20892-6200 

Performance  Period:  09/01/2011-01/31/2016  (End  date  changed  due  to  no  cost  extension) 

Total  Award  Amount  for  this  PI  for  Performance  Period: 

Location(s)  of  Research:  Duke  University 

Brief  description  of  project’s  goals:  The  goals  of  tliis  project  are  to  probes  mechanistic  issues  geimane  to 
proton-coupled  election-tiansfer  reactions  and  hole  hopping  processes  in  de  novo  designed  protein 
envu'omnents,  and  examines  models  of  macromolecular  hole  transfer  (HT)  near'  the  timneling/multi-step 
hoppmg  tiansition  point. 

Specific  Aims: 

1 .  InteiTogate  single-step  election  and  hole  transfer  dynamics  in  de  novo  tetra-a-helical  protein  assemblies 
containing  D-Sp-A  cofactors  utilizing  modem  experimental  and  theoretical  methods; 

2.  Design,  chaiacteiize  and  measiue  multi-step  chaige  migration  dynamics  in  de  novo  hole  tiansfer 
proteins  with  protem-based  pathways. 

There  is  no  overlap  with  the  current  project. 

Title  and  Agency  ID#:  UNC  EFRC:  Center  for  Solar  Fuels  Phase  I 
DE-SCOOOlOl  1, '(Therien’s  Role:  Co-PI) 

Time  Commitment:  0.5  summer  month  per  year 

Supporting  Agency:  University  of  North  Carolina  at  Chapel  Hill  (Piime:  Department  of  Energy,  Office  of 
Basic  Energy  Sciences.  EFRC  Program  Grant  (Energy  Frontier  Research  Center). 

Name  and  address  of  the  Funding  Agency’s  Procuring  Contracting/Grants  Officer: 

Di'.  Jeffiey  Krause  and  Dr.  B  Gail  McLean 

Office  of  Basic  Energy  Sciences,  SC-22.1 /Germantown  Building.  U.S.  Department  of  Energy,  1000 
Independence  Avenue,  SW  Washington.  D.C.  20585-1290 
Performance  Period:  08/01/2009-07/31/2014  (Project  closed) 

Total  Award  Amount  for  this  PI  for  Performance  Period: 

Location(s)  of  Research:  Duke  Urriversity 

Brief  description  of  project’s  goals  and  specific  aims:  The  goal  of  this  project  is  to  exploit  molecrrlar  and 
rranoscale  stnrctiues,  polymeric  materials,  arrd  modern  spectroscopic  methods  to  design  devices  that  provide 
for  light-driven  generation  of  solar'  flrels. 

There  is  no  overlap  with  the  current  project. 

Title  and  Agency  H)#:  Orgarric,  Nanoscale,  &  Self-Assembled  Strnctrues  Relevant  to  Solar  Energy  Conversion 
DE-SC0001517  (Therien’s  Role:  PI) 

Time  Commitment:  0.61  smrrmer  month  per  year' 

Supporting  Agency:  Depar'tment  of  Energy 

Name  and  address  of  the  Funding  Agency’s  Procuring  Contracting/Grants  Officer: 

Dr'.  Mark  T.  Spitler 
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Office  of  Basic  Energy  Sciences,  SC-22.1/Gennantown  Building,  U.S.  Department  of  Energy,  1000 
Independence  Avenue,  SW,  Wasliington,  D.C.  20585-1290 

Performance  Period:  09/01/2012-02/28/2016  (End  date  changed  due  to  no  cost  extension) 

Total  Award  Amount  for  this  PI  for  Performance  Period: 

Location(s)  of  Research:  Duke  University 

Brief  description  of  project’s  goals:  The  goals  of  tliis  project  are  to  elucidate  the  molecular-level  principles 
by  wliich  complex  chemical  systems  caiiy  out  photochemical  charge  separation,  tr  ansport,  and  storage  that  will 
ultimately  impact  the  design  of  practical  solar  energy  conversion  and  storage  devices. 

Specific  Aims: 

1 .  Delirreate  new  compositions  of  matter  relevant  to  solar'  energy  conversion; 

2.  Understand  the  basic  photophysical  properties  of  next-generation  conjirgated  materials  for  excitonic  solar 
cells; 

3.  Ehrcidate  nrles  and  principles  that  govern  char  ge  transfer,  charge  migr  ation,  photoconductivity,  the  extent 
of  charge  and  excitou  delocalization,  and  excitou  diffirsion  dynamics  in  strtrctiues  and  assemblies  relevant 
to  liglit-driven  energy  transdirction; 

4.  Pr  obe  and  modrrlate  the  extent  of  electr  onic  corrplmg  between  conjugated  orgarric  materials  and 
uanoscale  strtrctiues  in  both  groimd  and  excited  states; 

5.  Engineer  higli  quaunun  yield  electron-hole  pah  production  from  initially  prepar  ed  excitonic  states  in 
organic  materials  and  organic  compositions  that  featiue  nanoscale,  electrooptically  active  components. 

There  is  no  overlap  with  the  current  project. 

Title  and  Agency  ID#:  Collaborative  Research;  ARI-MA;  Nuclear'  Data  Measiuements  Using  Gamma  Rays 
and  Radiation  Detector  Development 
2012-DN-077-ARI062-03  (Therien’s  Role;  Co-PI) 

Time  Commitment:  0.25  sirmmer  month  per  year 
Supporting  Agency:  Department  of  Homeland  Seciuity 

Name  and  address  of  the  Funding  Agency’s  Procuring  Contracting/Grants  Officer: 

Shareef  Prater 

U.S.  Department  of  Homeland  Seciuity,  Mail  Stop  0115,  245  Miuxay  Lane,  SW,  Room  3051,  Washington.  DC 
20528-0115 

Performance  Period:  09/15/2012-09/14/2016 

Total  Award  Amount  for  this  PI  for  Performance  Period: 

Location(s)  of  Research:  Duke  University 

Brief  description  of  project’s  goals  and  specific  aims:  The  goals  of  this  project  are  to  acquhe  data  for 
nuclear'  forensics  and  ■y-ray  beam  mtenogation  technologies,  and  nanoparticle-based  scintillator  development 
for  y-ray  and  neutron  detection. 

There  is  no  overlap  ivith  the  current  project. 

Title  and  Agency  ID#:  NSEC  on  Molecular'  Fimctiou  at  the  Nano-Bio  Interface 
553 1 13  (Prime;  NSF  DMR08-32802)  (TherierTs  Role;  Co-PI) 

Time  Commitment:  0.3  simuner  mouth  per  year 

Supporting  Agency:  University  of  Permsylvania,  (Prime;  NSF  NSEC) 

Name  and  address  of  the  Funding  Agency’s  Procuring  Contracting/Grants  Officer: 

Dr.  David  A.  Brant 

National  Science  Foiuidatiou.  4201  Wilson  Blvd,  Rm  1065N,  Arlington.  VA  22230 
Performance  Period:  09/01/2009-08/31/2014  (Project  closed) 

Total  Award  Amount  for  this  PI  for  Performance  Period: 

Location(s)  of  Research:  Duke  University 

Brief  description  of  project’s  goals  and  specific  aims:  Tlie  goal  of  this  project  is  to  build  novel  biomaterials 
that  possess  optoelectronic  fiuiction  at  nonbiological  interfaces. 

2 


There  is  no  overlap  with  the  current  project. 

Title  and  Agency  ID#:  Development  of  a  Novel  Method  to  Detect  Piostate  Cancer  Ciiculating  Tiunor  Cells 
(CTCs)  Based  on  Epithelial  Mesenchymal  Transition  Biology 
W81XWH-12-1-0253  -  PCI  10452  (Tlieiien’s  Role:  Co-PI) 

Time  Commitment:  0.09  summer  month  per  year 
Supporting  Agency:  Department  of  Defense/USAMRAA 

Name  and  address  of  the  Funding  Agency’s  Procuring  Contracting/Grants  Officer: 

Amber  Stillrich 

U.S.  Army  Medical  Research  Acqirisition  Activity,  820  Chandler  Street,  Fort  Detrick,  MD  21702-5014 
Performance  Period:  09/10/2012-09/09/2015  (End  date  changed  dire  to  no  cost  extension) 

Total  Award  Amount  for  this  PI  for  Performance  Period: 

Location(s)  of  Research:  Duke  University 

Brief  description  of  project’s  goals:  The  goal  of  tlris  project  is  to  develop  a  novel  circirlating  tumor  cell 
captme  tecliuology  based  on  epithelial-mesenchymal  transition  biology  and  nanoparticle  near-infiar  ed 
emissive  polymersomes  (NIR-EPs). 

Specific  Aims: 

1 .  Develop  and  optimize  a  novel  polymersome-based  CTC  captme  method  using  NIR-EPs  bearing 
conjugated  antibodies  to  EpCAM,  N  arrd  O-cadherius,  and  PSMA; 

2.  Assemble  cuculating  himor  cell  captme  using  novel  antibody-tar  geted  NIR-EPs  in  men  with  mCRPC. 

There  is  no  overlap  with  the  current  project. 

Title  and  Agency  ID#:  Frequency  Upcouversion  for  Eulranced  Light-Harwesting  in  Solar'  Photoconversiou 
XEV-2-22202-oi  (Prime:  DE-AC36-08GO28308)  (Therien’s  Role:  Co-PI) 

Time  Commitment:  0.0  sirmmer  mouth  per  year 
Supporting  Agency:  Department  of  Energy,  NREL 

Name  and  address  of  the  Funding  Agency’s  Procuring  Contracting/Grants  Officer: 

Dr'.  Andrew  Fergirson 

National  Renewable  Energy  Laboratory,  15013  Denver  West  Parkway,  Golden,  CO  80401,  303-275-3000 
Performance  Period:  02/13/2012-02/12/2014  (Project  closed) 

Total  Award  Amount  for  this  PI  for  Performance  Period: 

Location(s)  of  Research:  Diike  University 

Brief  description  of  project’s  goals  and  specific  aims:  Tire  goal  of  this  project  is  to  develop  solar'  conversion 
devices  via  a  str  ategy  that  decoirples  photon  collection  from  photociment  generation  thr  ouglr  systems  that  can 
convert  low-energy  (red-to-near-infiared  [NIR])  photons  to  higher-energy  (visible)  photons  m  conjimction  with 
existing  PV  platforms,  thereby  enabling  a  substantial  increase  in  photociment  while  maintaining  a  high  open- 
cu'cuit  voltage. 

There  is  no  overlap  >vith  the  current  project. 

Title  and  Agency  ID#:  Circumventing  Therapeutic  Resistance  and  the  Emergence  of  Disseminated  Breast 
Cancer  Cells  tlrrough  Nou-hivasive  Optical  Imaging 
W81XWH- 13- 1-0086  (Therien’s  Role:  PI) 

Time  Commitment:  0.67  smnmer  month  per  year 
Supporting  Agency:  Depar'tment  of  Defense/USAMRAA 

Name  and  address  of  the  Funding  Agency’s  Procuring  Contracting/Grants  Officer: 

Di'.  Dan  Monson 

Congressioually  Duected  Medical  Research  Programs  (CDMRP),  1077  Patchel  Street.  Fort  Detrick.  MD  21702 

Performance  Period:  07/01/2013-06/30/2016 

Total  Award  Amount  for  this  PI  for  Performance  Period: 

Location(s)  of  Research:  Duke  University 
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Brief  description  of  project’s  goals:  The  goal  of  this  project  is  to  create  a  liighly  sensitive  noil-invasive 
imaging  modality  to  characteiize  the  molecular  profile  of  all  breast  cancer  sites  of  disease,  including 
micrometastases. 

Specific  Aims: 

1.  Pi  ofile  a  panel  of  molecularly  heterogeneous  human  breast  cancer  cell  Imes  using  cocktails  of  antibody- 
conjugated  NIREPs; 

2.  To  phenotype  piimaiy  and  metastatic  sites  of  breast  cancer  using  targeting  NIR-emissive  polymersomes 
and  deteimine  then  response  to  targeted  therapies. 

This  is  the  current  project. 


Title  and  Agency  ID#:  Collaborative  Research:  De  novo  Protein  Constnicts  for  Photosynthetic  Energy 
Transduction  (Therien’s  Role:  PI) 

Time  Commitment:  0.93  summer  month  per  yeai' 

Supporting  Agency:  National  Science  Foimdation 

Name  and  address  of  the  Funding  Agency’s  Procuring  Contracting/Grants  Officer: 

Dr.  David  A.  Rockcliffe 

National  Science  Foundation.  4201  Wilson  Blvd.  Rm  655S,  Ailmgton.  VA  22230 

Performance  Period:  08/15/2014-07/31/2017 

Total  Award  Amount  for  this  PI  for  Performance  Period: 

Location(s)  of  Research:  Duke  University 

Brief  description  of  project’s  goals  and  specific  aims:  Tlie  goal  of  this  project  is  to  exploit  de  novo  protein 
design  to  imderstaud  the  essential  design  piinciples  of  photosynthetic  energy  tiansduction  and  storage.  An 
integr  ated,  multi-disciplinary  approach  is  employed  towar  d  this  goal,  and  focuses  on  the  evolution  of  peptide- 
cofactor  complexes  that  lurdergo  photoiuduced  charge-Uansfer  reactioirs,  where  the  protein  matrix  stabilizes 
the  char  ge-separ  ated  state  arrd  guides  the  efficient  separ  ation  of  electr  ons  atrd  holes. 

There  is  no  overlap  with  the  current  project. 

Tliis  is  a  new  active  project. 

Title  and  Agency  ID#:  Real  Tune,  In-Vivo,  Radiatioir  Dose  Moiritoring  for  External  Beam  Radiation  Therapy 
and  Brachytherapy  (Therien’s  Role:  PI) 

Time  Commitment:  0.6  summer  month  per  year' 

Supporting  Agency:  Duke  Coulter  Translational  Par-ttrership 

Name  and  address  of  the  Funding  Agency’s  Procuring  Contracting/Grants  Officer: 

Dr.  Barry  Myers 

Depar'tmeut  of  Biomedical  Engureering.  Duke  University,  Pr  att  School  of  Engineering.  Diuham,  NC  27708 

Performance  Period:  09/01/2014-08/31/2015 

Total  Award  Amount  for  this  PI  for  Performance  Period: 

Location(s)  of  Research:  Ditke  University 

Brief  description  of  project’s  goals  and  specific  aims:  Tliis  project  focirses  on  fiuther  development  of  the 
NS-FOD  (nano-scintillator  fiber  optic  dosimeter),  a  device  based  on  nanoscale  scintillating  materials  that 
provides  accruate,  pinpoint,  and  real-time  radiation  dosimetry  for  clinical  brachytherapy  (implanted  radiation), 
exter'nal  beam  radiation,  electron  therapy,  IMRT  (intensity  modirlated  radiation  therapy),  and  VMAT 
(volumetric  modulated  arc  therapy)  applications. 

There  is  no  overlap  with  the  current  project. 

This  is  a  new  active  project. 
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